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LABORATORY TESTS OF THREE-SPAN REINFORCED 
CONCRETE ARCH BRIDGES WITH DECKS 
ON SLENDER PIERS 


I. INTRODUCTION 


1. Object and Scope of Investigation.— A’ multiple-span arch 
bridge differs from a‘single-span arch in that, for the latter, the ends 
are fixed, whereas, for the former, the fixed points of the structure 
are the outer ends of the two end spans and the bases of the inter- 
mediate piers. As a live load crosses a multiple-span arch bridge the 
uneven loading of the two spans adjacent to a pier produces a hori- 
zontal thrust and a moment at the top of the pier which move the 
top even though the pier bases and the abutments are fixed. This 
movement of the pier top produces reactions at the ends of the ad- 
jacent arches which differ materially from the reactions that would 
be produced by a fixed abutment supporting a similar single-span arch 
carrying the same load. 

The investigation described in this bulletin consists of tests of a 
three-span arch series on high piers, each span being composed of a 
rib with spandrel columns and a deck. For one structure, the deck 
was a considerable distance above the rib at the crown; for a second 
structure the deck was so low as to be integral with the rib at the 
crown. Each structure as originally built had no expansion joints in 
the deck except over the piers. After each structure had been tested, 
expansion joints were cut in the deck near the one-third point of each 
span, and the resulting structure was again tested. The structure with 
a high deck, both with and without intermediate expansion joints, was 
tested at pier heights of 20 ft., 15 ft., and 10 ft., respectively. The 
structure with a low deck was tested at a pier height of 20 ft. only. 

The object of this investigation was to obtain the following in- 
formation relative to the structures described: 

(1) The elastic constants for a single span 

(2) The influence ordinates for fixed-end reactions for a single 
span 
(3) The influence ordinates for reactions at the springings of all 
spans of the three-span structures 

(4) The magnitude and position of the thrust due to the design 
load 
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(5) The effect of intermediate expansion joints in the deck upon 
the load-carrying capacity of the three-span structure 
(6) The maximum carrying capacity of the three-span structure. 


2. Acknowledgments.—The tests described in this report are a part 
of the investigation resulting from the codperative agreement entered 
into by the Engineering Experiment Station of the University of Illi- 7 
nois, of which Dean M. L. Encer is the director, and the United 
States Bureau of Public Roads, of which THomas H. MacDona.p is 
Chief of Bureau. The tests were planned by Pror. W1LBur M. WILSON 
in consultation with Mr. E. F. Keiiey, Chief of Division of Tests, 
and Mr. A. L. Gemeny, Senior Structural Engineer, both of the United 
States Bureau of Public Roads, and with Pror. Grorce E. BEcGs, 
E. H. Harper, A. C. JANNI and Pror. CiypE T. Morris, members and 
chairman, respectively, of the Committee on Concrete and Reinforced 
Concrete Arches of the American Society of Civil Engineers. The ex- 
perimental work was done by Ratpu Kuvas, Special Research Assist- 
ant in Civil Engineering, assisted by F. P. THomas, C. B. SCHMELT- 
zER, B. 8. Tucksr, R. Evans, F. B. MrerrerHavsen, G. E. JEWETT, 
and W. M. Werpemeyer, all working under the supervision of PRor. 
Wiuson. The computations involving the experimental data were 
made by JoHN N. Prrox, Research Graduate Assistant in Civil Engi- 
neering, and NatHan M. Newmark, Graduate Student in Civil Engi- 
neering. 

The tests were made in the Materials Testing Laboratory of the 
University of Illinois. The direct expenses of the tests were paid from 
funds provided by the United States Bureau of Public Roads, the 
American Society of Civil Engineers, the Engineering Foundation, the 
Universal Atlas Cement Company, the Illinois Steel Company, the 
American Bridge Company, the Jones and Laughlin Steel Corporation, 
the Interstate Sand and Gravel Company, the Lincoln Sand and 
Gravel Company, the Neal Sand and Gravel Company, and Fair- 
banks, Morse and Company. 


II. Description oF SPECIMENS AND APPARATUS 


3. Description of Specimens—Each specimen consisted of a three- 
span structure on high piers. The rib and piers have the same geo- 
metrical properties as the corresponding members of the structure 
used in the tests of a three-span series of arch ribs without deck, 
described in Bulletin No. 269. Details of the piers are shown in Fig. 1, 
and details of the rib and deck in Figs. 2 and 3. Figure 2 shows a 
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structure with a high deck and Fig. 3 one with a low deck. Each | 
structure, as originally built, had no expansion joints except at the | 
piers. After all tests had been made on a structure, except the test 
to determine the load-carrying capacity, intermediate expansion joints 
were cut in the deck, as shown. The resulting structure was then 
also tested. This use of one structure for the two tests was entirely 
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TABLE 1. 


PuysicaL PROPERTIES OF CONCRETE AS GIVEN BY ConTROL CYLINDERS. 
Structure with High Deck. Age at test, 5 months. 


Location of Batch from Which aye oes 
é Strength Elasticit: 

Cylinder Was Taken Ib. per sq. in. lb. per a 
3166 2 632 000 

3641 3 636 000 

3631 3 509 000 

3479 3 259 000 

3585 3 571 000 

3530 2 941 000 

3583 3 125 000 

3380 3 101 000 

3520 3 185 000 

3511 2 581 000 

3643 2 963 000 

3603 3 226 000 

3496 3 448 000 

3564 3 055 000 

3524 3 158 000 

3353 3 175 000 

3468 3 448 000 

3326 3 077 000 

3162 2 740 000 

3327 3 110 000 

3304 3 636 000 

3250 3 636 000 

2845 2 564 000 

3351 2 740 000 

3188 3 144 000 

3257 3 127 000 

3412 3 145 000 


feasible, as the tests of the original structure did not crack the 
concrete. 

Figure 4 shows the notation used in connection with these speci- 
mens. 

The proportions of the concrete used in the structure with a high 
deck and in the arch spans of the structure with a low deck were as 
nearly like those used in previous structures of this series" as it is 
practicable to obtain by the use of laboratory control methods. The 
quality of the concrete, however, varied greatly in various parts of the 
specimen, due to the necessity of rodding the concrete more in some 
portions than in others. The concrete in the piers of the structure with 
a low deck contained more water than the concrete used in other 
portions of that structure. 

Six-in. by 12-in. control cylinders were poured from the batches 
that went into the arches and piers of both structures. The physical 


*See Bulletin 269, page 11. 
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TABLE 2. 


PuysicAL PROPERTIES OF CONCRETE AS GIVEN BY CONTROL CYLINDERS. 
Structure with Low Deck. Age at test, 66 days. 


‘ Ultimate 
Location of Batch from Which Strength 
Cylinder Was Taken Ib. per sq. in. 


East arch pet . pon oa 
4884 4 600 000 

4160 3 870 000 

4212 4 145 000 

plier y Rane pa Mabe REG aware me OME orn 4 880 000 
[OG ae RN BIIRRE en Sent Kee kia Pie a 4435 4 400 000 

TN ah Pe AR ee a 4664 3 960 000 

Average aka cierar eratenteaet resale pitta oceitaten io 4467 4 380 000 

bac ae es er NN Ae a 4576 4 760 000 

West arch i: 8 ee et ik ae e cued 
4406 4 050 000 

4342 4 200 000 

4165 4 203 000 

4281 4 243 000 

2728 3 600 000 

2434 3 470 000 

3169 3 640 000 

3238 3 620 000 

2892 3 583 000 

NONE get l siots-eis ccc cualnlel naire Tenet een a eased 2557 3 370 000 

dik as a ot a aha since hci ot oe 2337 3 040 000 
a Oath eae tS © Aan MNT De A a 3420 3 580 000 

A oc ake goes 5 vate Meee ee EN 2882 3 680 000 

ANOLE EOS. ou ane mea etree tee hie de ot bikes 2849 3 418 000 

AVOLARO LOR TWO DiGrii..vcomas st ocak erm emer honten eke 2871 3 501 000 
Average for all cylinders... as cs sivescn cece ee tees 3717 3 946 000 


properties of the concrete, as determined from the control cylinders, 


are given in Tables 1 and 2. Table 1 is for the structure with a high , 


deck and Table 2 for the one with a low deck. 

The structure with a high deck was poured October 5 and 6, 1932, 
the piers being poured on the 5th and the superstructure on the 6th. 
The superstructure was stripped during the period from October 
17 to 21. The west pier was stripped October 22, and the east pier 
October 24. The structure with a low deck was poured March 28 and 
29, 1933. The arch spans were stripped April 7 and 8, and the piers 
during the period from April 10 to 12. The control cylinders were 
stripped at the same time as the specimens. The forms for both struc- 
tures had retained the moisture and the surfaces of the concrete were 
moist when the forms were removed. The specimens and the control 
cylinders were cured in the laboratory, where the air was dry, and the 
temperature was approximately 80 deg. F. 
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4. Description of Apparatus—The apparatus used in the tests of 
the structures with a deck was the same as that used in the tests of 
the three-span arch series consisting of a rib without deck, described 
in Bulletin No. 269. The design dead load was the same as that used in 
the previous tests, with the following exception: The structure used in 
this investigation had two spandrel columns over each pier which 
were very close to each other. Any load coming upon these columns 
produced little stress in the rib but increased the resistance to flexure 
of the columns. Inasmuch as the corresponding columns in an actual 
structure carry considerable dead load, it seemed desirable to subject 
the columns of the experimental structure to an axial compression. 
For this reason the end columns of each span were subjected to an 
axial compression of 7000 lb. produced by means of springs mounted 


or 


iy 
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TABLE 3. 


F¥rxep-Enp Reactions DuE To Unit Loan or 2000 LB. FROM 
MEASURED REACTIONS. 
Structure with High Deck without Intermediate Expansion Joints. 


Vertical Shear Moment 
2000-Ib. | Horizontal Ib. in. Ib. 
Load at Les 
, East | West East 
East Span 
1 341 1908 | 92 —34 675 +7 
2 923 1709 291 —28 654 +21 
3 1557 1455 545 — 6 393 +33 
4 1794 1162 838 +14 904 +31 
5 1764 850 1150 +27 692 +15 
6 1501 547 1453 +31 716 -—7 
a 926 277 1723 +22 727 —31 
8 308 86 1914 + 8 247 —35 
West Span | 
1 309 1916 84 —36 690 + 8 090 
2 932 1741 259 —35 089 +25 002 
3 1521 1471 529 —10 705 +33 913 
4 1825 1153 847 +14 707 +28 293 
5 1794 833 1167 +29 921 +11 835 
6 1533 528 1472 +36 899 — 8 003 
‘- 919 257 1743 +27 733 —32 986 
8 355 73 1927 +14 937 —33 407 
Average for Two Spans and Two Ends 
1 328 1917 83 —35 165 + 9 697 
2 925 1729 271 —32 065 +24 127 
3 1528 1463 537 — 8 041 +33 886 
4 1794 1158 842 +14 133 +28 822 
5 1794 842 1158 +28 822 +14 133 
6 1528 537 1463 +33 886 — 8 041 
z 925 271 1729 +24 127 —32 065 
8 328 83 1917 + 9 697 —35 165 


as shown in Fig. 5. Springs were used instead of weights, since the 
latter would interfere with the apparatus.and with other loads. 


5. Units and Signs—Unless otherwise noted, the units and signs 
used in the tables of this bulletin are as follows: 

Forces are in lb. 

Moments are in in.-lb. 

Distances are in 0.0001 in. 

Angles are in 0.0001 radians 

Modulus of elasticity is in lb. per sq. in. 

A plus (-+) sign indicates (a) a moment that produces a tensile 
stress at the intrados; (b) a vertical reaction that is upward; (c) a 


ar eae 
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TABLE 4. 


Frxep-Enp Reactions Dur to Unit Loan or 2000 LB. FROM 
MEASURED REACTIONS. 
Structure with High Deck with Intermediate Expansion Joints. 


Vertical Shear Moment 
2000-Ib. Horizontal lb. in. Ib. 
Load at Thrust 
lb. 
East West East West 
East Span 

ee EE 
1 363 1948 52 —38 539 16 730 
2 998 1816 184 —45 569 13s 924 
3 1607 1566 434 —21 579 +53 899 
4 1816 1196 804 + 9 742 +37 318 
5 1769 803 1197 +35 141 + 7 361 
6 1508 435 1565 +48 709 —26 325 
7 936 173 1827 +37 564 —50 374 
8 334 Bl 1949 +14 138 —41 335 

West Span 

1 326 1953 47 —42 529 +14 241 
2 924 1830 170 —50 511 +38 400 
3 1524 1575 425 —26 636 +51 643 
4 1869 1195 805 +15 687 +42 827 
5 1858 799 1201 +42 552 +13 368 
6 1577 415 1585 +58 831 —22 788 
ve 954 172 1828 +40 465 —47 898 
8 316 44 1956 +14 503 —43 339 


Average for Two Spans and Two Ends 


1 

2 953 1825 175 —48 588 +38 838 
3 1554 1573 427 —24 332 +53 270 
4 1828 1197 803 +11 542 +39 460 
5 1828 803 1197 +39 460 +11 542 
6 1554 427 1573 +53 270 —24 332 
i 953 175 1825 +38 838 —48 588 
8 335 48 1952 +14 903 —41 436 


horizontal thrust that is inward; (d) a rotation at the springing in 


which the top tips inward; or (e) an increase in the length of the span. 


TIl. EXPERIMENTAL DETERMINATION OF ELASTIC CONSTANTS 


6. Fized-End Reactions Due to Unit Loads.—The influence ordi- 
nates for the fixed-end reactions of the east and west spans were 
determined from the changes in the readings of the horizontal and 
vertical scales at the abutments that accompanied the application and 
removal of a load of one ton, successively, at the various load points. 
The dead load was on the structure during this test. At the beginning 
of a test, the two ends of both the east and the west spans were 
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TABLE 5. 
Fixep-Enp Reactions Dur To Unit Loap or 2000 LB. FROM 
MrEAsuRED REACTIONS. 

Structure with Low Deck without Intermediate Expansion Joints. 


Vertical Shear Moment 
i Ib. in. lb. 
2000-Ib. Horizontal 
Load at es da SS 
: East West East West 
y 
. = East Span 
1 344 1911 89 —34 301 + 9 033 
2 958 1718 282 —27 435 +25 352 
3 1517 1463 537 — 6 465 +35 679 
4 1753 1163 837 +14 340 +31 257 
5 1761 852 1148 +28 147 +16 272 
6 1444 550 1450 +31 890 -—5 
7 898 280 1720 +22 643 —30 612 
8 315 82 1918 + 9 448 —35 977 


nw 
1 324 1909 91 —33 584 + 8 923 ; 
2 930 1716 284 —29 201 +22 755 . 
3 1461 1449 551 — 8 025 +29 396 ‘4 
4 1758 1137 863 +16 294 +24 596 ‘ 
5 1763 845 1155 +27 506 +13 150 i 
6 1502 540 1460 +33 699 — 7 487 
7 965 286 1714 +22 896 —28 611 a 
8 347 85 1915 +10 617 —34 035 ac 
Average for Two Spans and Two Ends MS 
a a a eee eee 
1 333 1913 87 —34 474 + 9 505 
2 938 1717 283 —28 965 +23 412 r 
3 1481 1456 544 — 6 959 +32 666 ; 
4 1759 1151 849 +15 014 +27 877 
5 1759 849 1151 +27 877 +15 014 
6 1481 544 1456 +32 666 — 6 959 
7 938 283 1717 +23 412 —28 965 
8 333 87 1913 + 9 505 —34 474 
ee 
~ 


brought to their normal position, and the readings of the instruments 
indicating the position of the springings and the loads upon the scales 
were recorded, observations being made in duplicate. A load of 2000 
pounds was then applied at each of load points E1 and W8, the 
springings of the two end spans were returned to their normal position, 
and the readings of all instruments were again recorded. The 2000-lb. 
loads were then removed and a third set of readings was recorded 
after the springings had again been returned to their normal position. 
Thus the changes in reactions were measured both when the load was 
applied and when it was removed. The average of the two values was 
taken as the fixed-end reaction. Tests were made in this manner, 


applying and removing the 2000-lb. load for each load point of each 
of the two end spans. 
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TABLE 6. 


Frxep-Enp Reactions Dus To Unit Loap or 2000 LB. rrom 
MEASURED REACTIONS. 
Structure with Low Deck with Intermediate Expansion Joints. 


Vertical Shear Moment 
2000-1b. Horizontal lb. in. lb. 
Load at Thrust 
Ib. 
East West East West 
East Span 

eee 
1 351 1957 43 —40 480 47 764 
2 1020 1825 175 —44 615 +42 849 
3 1587 1565 435 —21 407 +53 794 
4 1736 1192 808 + 8 501 +34 816 
5 1726 818 1182 +382 984 +10 090 
6 1509 449 1551 +47 076 —23 408 
ve 959 180 1820 +38 181 —A7 483 
8 332 54 1946 +13 803 —40 696 

West Span 

1 329 49 1951 —43 064 +13 055 
2 941 190 1810 —46 013 +36 408 
3 1467 456 1544 —23 624 +44 586 
4 1691 817 1183 + 8 375 +31 585 
5 1726 1187 813 +34 475 + 9 768 
6 1539 1551 449 +49 887 —20 792 
7 998 1809 191 +39 197 —43 100 
8 366 1943 57 +15 876 —37 850 


1 345 1949 51 —40 523 +15 125 
2 980 1816 184 —45 303 +39 159 
3 1526 1553 447 —22 308 +48 836 
4 1720 1186 814 +~9 184 +33 465 
5 1720 814 1186 +33 465 +9 184 
6 1526 447 1553 +48 836 —22 308 
7 980 184 1816 +39 159 —45 303 
8 345 51 1949 +15 125 —40 523 


The results of the tests are given in Tables 3, 4, 5, and 6. Tables 
3 and 4 are for the structure with a high deck and Tables 5 and 6 
for the one with a low deck. For each structure one table contains the 
values for a deck without intermediate expansion joints and the other 
the values for a deck with intermediate expansion joints. Influence 
lines corresponding to the values in these tables are given in Figs. 
6 (a) and 6 (b) for the structure with a high deck, the former being 
for a deck with expansion joints at the piers only, and the latter for a 
deck with intermediate expansion joints near the one-third points. 
The corresponding influence lines for the reactions at the ends of the 
spans with a low deck are given in Figs. 6 (c) and 6 (d). In these 
figures the influence lines for the two spans are shown separately, and 
the ordinates represent reactions due to a load of one pound. 
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TABLE 7. 


INFLUENCE ORDINATES FOR FIXED-END REACTIONS FROM MEASURED 
Reactions Dur to Unit Loaps. 


East Abutment Reactions 


eb, at Without Expansion Joints With Expansion Joints 
Point 
Horizontal Vertical Horizontal Vertical 
Thrust Shear Moment Thrust Shear Moment 
lb. lb. in. lb. lb. lb. in. lb. 


? 


Structure with High Deck 


1 0.16412 0.9540 —17.020 0.1675 0.9740 —20.469 
2 0.46250 0.8622 —15.410 0.4765 0.9085 +23.366 
3 0.76400 0.7284 — 3.599 0.7770 0.7783 —11.092 
4 0.89688 0.5781 + 6.685 0.9140 0.5979 + 5.778 
5 0.89388 0.4219 +13 .996 0.9140 0.4021 +19.492 
6 0.76400 0.2716 +16.407 0.7770 0.2217 +25.088 
7 0.46250 0.1378 +11.932 0.4765 0.0915 +18.991 
8 0.16412 0.0460 + 4.084 0.1675 0.0260 + 7.095 
Structure with Low Deck 
1 0.1665 0.95676 —17.2370 0.1725 0.97477 —20.2615 
2 0.4690 0.85861 —14.4825 0.4900 0.90812 —22.6515 
3 0.7405 0.72782 — 3.4795 0.7630 0.77646 —11.1540 
4 0.8795 0.57541 + 7.5070 0.8600 0.59303 + 4.5920 
5 0.8795 0.42459 +13 .9385 0.8600 0.40697 +16.7325 
6 0.7405 0.27218 +16.3330 0.7630 0.22354 +24.4180 
7 0.4690 0.14139 +11.7060 0.4900 0.09188 +19.5795 
8 0.1665 0.04324 + 4.7525 0.1725 0.02523 + 7.5625 


The data in Tables 3, 4, 5, and 6 are the basis for the influence 
ordinates used in Section 12 to determine the reactions at the spring- 
ings from the movement of the pier tops. These ordinates are listed 
in Table 7. The quantities in Table 7 for the structure with a high 
deck were obtained from the average values for the abutment ends, the _ 
east end of the east span and the west end of the west span, modified 
slightly so that the values for vertical shear and moment would be 
statically consistent. The averages for the abutment ends of the two 
spans were used instead of the averages for both ends of both spans 
since it was thought that, for the moments, the value at the abutment 
end could be obtained more accurately than the value at the pier end. 
The differences in the two sets of averages were not great, however, 
and the values in Table 7 for the structure with a low deck are based 
upon the average of the values for both ends of both spans. 

The influence lines for fixed-end reactions for the rib without deck, 
for the high deck without intermediate expansion joints, and for the 
high deck with intermediate expansion joints are compared ine Fig. 7. 
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Likewise the influence lines for fixed-end reactions for the rib without 
deck, for the low deck without intermediate expansion joints, and for 
the low deck with intermediate expansion joints are also compared in 
Fig. 7. The light full lines are for the rib without deck and corre- 
spond to values obtained by the elastic theory and given in Table 3 
of Bulletin No. 269. The heavy full lines are for the deck without in- 
termediate expansion joints, and the broken lines are for the deck with 
intermediate expansion joints. 

The effect of the deck without intermediate expansion joints is to 
reduce the moment at the springing due to vertical loads. The deck 
with intermediate expansion joints does not reduce the moment at 
the springing as much as does the deck without intermediate expan- 
sion joints. The effect of the high deck is much the same as the effect 
of the low deck. 
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One Live Load, 
High Deck Without lntermediate 
Exparsion Joints. Maxis 
Compression at lrtrados at 8 of BC. 


One Live Load, 
Hig? Deck With latermediare 
Exparrsion JSolcats. Maxitridtn 
Compression at Extrados ar C3 
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7. Reactions at Springings Due to Change in Span.—tin this, and all 
of the following tests to determine the reactions at the springings due 
to a movement of the ends of the span, the design dead load shown 
in Fig. 8 was on the structure. Preliminary to the tests to determine 
the reactions due to a change in span, the abutments were spread 
about 0.15 in., increasing each span about 0.05 in. All terminals were 
then adjusted so that the bubbles at the abutments and pier tops, the 
springings of the various spans, were in their mid-position. A complete 
set of readings was then recorded. These included readings of the 
Ames dials at the abutments and pier tops that indicate the span; 
of the hydrostatic level that indicates the relative elevation of the 
abutments and pier tops; and of the horizontal and vertical scales at 
the abutments. The abutments were then forced in about 0.30 in., 
shortening each span about 0.10 in., and the terminals were adjusted 
so that both springings of all three spans had the same angular and 
the same relative vertical position as for the initial readings. A com- 
plete set of readings was again recorded. The abutments were then 
allowed to spread approximately 0.30 in., and a third set of readings 
was recorded. Thus a complete test included the determination of the 
change in the reactions at the springings due to increasing and also to 
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decreasing the spans. The averages of the two sets of values have 
been used as the elastic constants due to a change in the span. 

A summary of the results is given in Table 8 for the structure 
with a high deck, and in Table 9 for the structure with a low deck. 
The values for the structure with and without intermediate expansion 
joints are given in separate tables, the values given being the average 
of the values at the two ends of a span. The moments and the hori- 
zontal thrust for the end spans were determined from the reactions of 
the abutments, and, it is believed, have been determined with a high 
degree of accuracy, since conditions are favorable for measuring these 
reactions. 

The reactions at the springings of the center spans were determined 
from the reactions of the abutments and the vertical reactions on the 
pier bases, in the following manner. The moments on the pier bases 
can be determined with a high degree of accuracy from the vertical 
scale readings. The moment on the base of the east pier is balanced 
by the resultant of the horizontal thrusts from the east and center 
spans, which passes through the elastic centers of these spans. The 
line of the horizontal thrust for the structure having a high deck 
without intermediate expansion joints, as given in Table 8, is about 
46 in. above the springing, or about 366 in. above the rollers under 
the pier bases. An error of a few inches in locating the position of the 
thrust line does not, therefore, appreciably affect the force necessary to 
produce the moment on the pier base. The unbalanced thrust at the top 


of the pier, accompanying the reduction in span, is a MK 176 lb., 


366 
90 084 : ; 
and 366 = 246 lb., for the east and west piers, respectively. The 


unbalanced thrust acts toward the center of the structure in both 


cases. Subtracting the unbalanced thrust from the thrust in the end 
spans, as given in Table 8, gives, for the horizontal thrust in the center 
span, 2652 — 176 = 2476 lb. as determined from the east span, and 
2684 — 246 — 2438 lb. as determined from the west span. An average 
value of 2457 lb. has been used. The corresponding figures for the 
73 440 


changes accompanying an increase in span are 366 = 201 lb. and 
96 379 
aah re 263 lb. for the unbalanced thrust, and 2649 — 201 — 2448 lb. 


and 2663 — 263 — 2400 lb. for the thrust in the center span, as de- 
termined from the east and west spans, respectively. An average value 
of 2424 lb. has been used. The moments at the ends of the center span 


= —— | ew Cee 
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have been determined from the horizontal thrust on the basis that the 
vertical distance from the springing to the thrust line for the center 
span is the average of the corresponding distances for the two end 
spans. The elastic constants for the center span, determined in the 
manner just described, are the values given in Table 8. 

For the structure having a high deck with intermediate expansion 
joints, the horizontal thrust in the center span due to decreasing the 


span is 1876 Ib. as determined from the east span, and 1843 lb. as 
_ determined from the west span. An average value of 1860 lb. has 


_ been used. The corresponding values due to an increase in the spans 


are 1893 lb., 1861 lb., and 1877 lb. respectively. 
For the structure with a low deck, the horizontal thrust in the 
center span, given in Table 9, was determined by the same method 


_ as was used for the structure with a high deck. 


8. Reactions at Springings Due to Rotation of Abutments and Pier 


_Tops—Two series of tests were made to determine the reactions at 


the ends of a span due to rotating one end when the other end was 
fixed and the end rotated was restrained against horizontal and verti- 
cal translation. For one series the abutments were rotated and the 
pier tops were fixed; for the other series the pier tops were rotated 


and the abutments were fixed. For both series, the top to be moved 


was first rotated approximately one-half of the total amount by 
which it was to be rotated during the tests, so that the latter ro- 
tation would be from a position one side of normal to another position 
approximately the same amount on the other side of normal. 

The tests consisted of determining the reactions at the springings 
from the readings of the scales at the abutments, first when the 
springing was rotated in one direction, and then when it was rotated 
in the opposite direction. The average of the two values is reported in 
each instance. The length of the span and the relative elevation of the 
two ends of each span were returned to their original values after 
each rotation. The tests were made for the end spans only. 

Tables were compiled similar to Tables 8 and 9, but they have 
not been included in this bulletin. The results are included, however, | 
in a more condensed form in the tables of Section 10. 


9. Reactions at Springings Due to Settlement of Supports.—Tests 
were made to determine the elastic constants from the vertical move- 
ment of one end of a span relative to the other. The length of the 
span and the angular position of the abutments and pier tops were 
held constant as the abutments were moved vertically. The test con- 
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TABLE 11. 


Exastic CONSTANTS FROM MovEMENT OF SPRINGINGS. 
Structure with Low Deck. Summary of Results. 


Reactions 
Span M in i 
ovement Horizontal} Vertical ation ® in /isstb- et Average 
Thrust Shear = |————————————__ Moment 
lb. lb. in. lb. 


East End | West End 


Without Intermediate Expansion Joints © 
On Se SS ee ee ee ee ee Ee eee ee 


East Spread of 0.10.7... 2.62 <= « 3013 Sor 153 170 161 762 157 466 
Rotation east end 0.001 rad... 1558 316 160 635 68383) “lhe eorctes 
Rotation west end 0.001 rad.. 1661 375 51 509 i by Ie: S| eer ce 

Center | Spread of 0.10 in............. 3091 Seiad sill Setstasvarecnie lle stair ease 158 908 

West Spread GEO IOMN «tice. seuss 3035 ae 153 193 153 677 153 435 
Rotation east end 0.001 rad... 1651 375 171 752 50 ABT, leet ce 
Rotation west end 0.001 rad... 1496 © 315 46 618 DASTOAS! ah terete 


With Intermediate Expansion Joints 


East Spread of OAOanes. wes sees 2660 ark 157 657 165 795 161 726 
Rotation east end 0.001 rad... 1496 171 126 727 (ht No ial 3 Ses 
Rotation west end 0.001 rad... 1837 272 80 093 HGS PLO La eeteccecsrers 

Center | Spread of 0.10 in............ 2698 mere inser iota lite carey res 159 398 

West Spread! of O10 Inv oc wan sc cee 2623 =F 150 247 150 720 150 484 
Rotation east end 0.001 rad... 1671 248 153 101 POE Ra WN erento 
Rotation west end 0.001 rad... 1559 197 71 527 BORA Ge Wil esters atone 


sisted of determining the reactions at both springings of the end spans 
from the changes in the readings of the scales at the abutments when 
the abutments were first raised and then lowered, the movement being 
about 0.19 in. in each instance. This test was made for the structure 
having a high deck without intermediate expansion joints, but, be- 
cause the increments in the forces were so small relative to the forces 
themselves, the tests proved unsatisfactory. Moreover, the reactions 
due to the settlement of the supports are not used in the tests of 
Section 12 for determining the reactions from the movement of the 
pier tops. For these reasons the test was not made for any except 
the structure with a high deck. The results obtained in this test are 


included in Table 10. 


10. Average Values of Elastic Constants—The elastic constants 
were determined for all spans from the spread of the supports, but 
only for the two end spans from the rotation of the supports. A sum- 
mary of the results obtained in Sections 7 to 9 is given in Table 10 
for the structure with a high deck, and in Table 11 for the structure 


with a low deck. 
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TABLE 12, 


Exastic Constants Usep In DETERMINING REACTIONS AT 
SPRINGINGS FROM MovEMENT OF Pier Tors. 


Reactions 
Span Movement Hori- | Verti- | Moment in in. lb. at 
ae = eS ee 
Thrus ear 
Ib. Ib. East End | West End 


Structure with High Deck without Intermediate Expansion Joints 


Bashy |); Spread Of0510 tise. cass one oe ces ce wee 2450 ee —109 000 | —109 000 
Rotation of west end 0.001 rad., top tippingin..} 1040 250 + 33 000 |} +114 900 
Genter) Spreadof O210! insccien csr cieetele ere wisle Sis /feenele 2600 ove —118 600 | —118 600 


Rotation of east end 0.001 rad., top tippingin..}| 1190 270 +126 600 | + 38 500 
Rotation of west end 0.001 rad., top tippingin..| 1190 270 + 38 500 | +126 600 


West. | Spread! of O10 itiaa.cir.< oe aoa tetete oe sie ee ai een 2740 wee —128 200 | —128 200 
Rotation of east end 0.001 rad., top tippingin..| 1590 360 +166 300 | + 50 500 


Structure with High Deck with Intermediate-Expansion Joints 


Eiasty,|| Spread of O10 ina. as.nes vere es oclece setae 1655 0 — 92 400 | — 92 400 
Rotation of west end 0.001 rad., top tipping in.. 950 133 + 44 300 | + 87 400 

Center. | Spread Of O:10)in.~ «ac. ee deesa emis eee 1655 0 — 92 400 | — 92 400 
Rotation of east end 0.001 rad., top tipping in.. 950 133 + 87 400 | + 44 300 
Rotation of west end 0.001 rad., top tipping in.. 950 133 + 44 300 | + 87 400 

Wess . | Spread or O10 in Wa.cstemes setieeth cemeion meat 2035 0 —114 000 | —114 000 


Rotation of east end 0.001 rad., top tippingin..| 1585 231 +148 900 | + 74 000 


Structure with Low Deck without Intermediate Expansion Joints 


East Spread of 0:10 in. ana wachcleesemieeh can 3046 0 —156 600 |. —156 600 
Rotation of west end 0.001 rad., top tippingin..| 1592 345 + 51 720 | +163 500 
Center| Spread of O:104n. 1s eee as cee eee 3046 0 —156 600 | —156 600 


Rotation of east end 0.001 rad., top tipping in..| 1592 345 +163 500 | + 51 720 
Rotation of west end 0.001 rad., top tippingin..| 1592 345 + 51 720 | +163 500 


West. Spread! onO10 ini, foe ee cones 3046 0 —156 600 | —156 600° 
Rotation of east end 0.001 rad., top tipping in..| 1592 345 +163 500 | + 51 720 


Structure with Low Deck with Intermediate Expansion Joints 


East Spread of O.10.ins vets arcu teev as tenes 2660 0 —157 200 | —157 200 
Rotation of west end 0.001 rad., top tippingin.| 1641 222 +145 860 | + 73 920 
Center |i Spread of OsL0'ny occ nectese ee te ttee eee 2660 0 —157 200 | —157 200 


Rotation of east end 0.001 rad., top tipping in..| 1641 222 +145 860 | + 73 920 
Rotation of west end 0.001 rad., top tippingin..| 1641 222 + 73 920 | +145 860 


West Boresd of 0.10 ins). wave em eens eee ee ee ee 2660 0 —157 200 | —157 200 
Rotation of east end 0.001 rad., top tipping in..| 1641 222 +145 860 | + 73 920 


The elastic constants were determined from the movement of the 
springings of the arch with a view to using the results to determine 
the reactions of the springings from the movement of the pier tops that 
accompanied the application and the removal of a unit load of 2000 


‘Con i ee ee ee vr [lh P —a a a 
= 2 fda - @e i = hid > =i : =, g ie 
4 7 7 
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Ib. at the various load points, in the manner described in Section 12. 
The values that have been used for this purpose are given in Table 12. 
The values in these tables, although based upon Tables 10 and 
11, are not mathematical averages of the corresponding values in 
these latter tables. Instead, the elastic constants obtained from the 
spread have been considered in selecting the elastic constant corre- 
sponding to the rotation. Moreover, all elastic constants were adjusted 
so that they are mutually statically consistent. The manner in which 
these constants have been used to determine the reactions at the 
springings from the movement of the pier tops that accompanied the 
_ application and removal of a unit load of 2000 lb. at the various load 
points is described in Section 12. The values of the reactions due to 
rotation of the ends of the center span, listed in Table 12, cannot be 
considered as having been determined with a high degree of accuracy. 
Fortunately for the critical tests of Section 12, for which reliance is 
- placed upon the influence ordinates for reactions at the springings de- 
termined from the movement of the pier tops, the rotation of the pier 
tops accompanying the application of a unit load is small, and the 
portion of the reaction produced by this motion is a small part of the 
total, so that a large error in the elastic constants for rotation will 
produce but a small error in the reactions at the springings. 


Pr: 


IV. INFLUENCE ORDINATES 


11. Description of Tests—The influence ordinates for the reac- 
tions at the springings of all three spans were determined experi- 
mentally by measuring the changes that occurred when a unit load 
was applied and removed, successively, at the various load points. 
The unit load was 2000 Ib. and the tests were made with the design 
dead load on the structure. The reactions were determined in two 
ways, (1) by weighing the reactions before and after the application 
and removal of the unit load, and computing the moment and the 
horizontal thrust and vertical shear from the change in the scale 
readings; and (2) by measuring the displacement of the tops of the 
piers due to the application and removal of the unit load, and comput- 
ing the moment and horizontal thrust and vertical shear corresponding 
to these displacements, using the experimentally determined elastic 
constants given in Table 12, and the fixed-end reactions given in 
Table 7. The method of making a test is as follows: 

With no live load on the structure, the abutments and pier bases 
were brought to their normal position. The initial position of each 
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TasLeE 13. 


CoMPUTATIONS FOR INFLUENCE ORDINATES FOR Moment By UNIT 
Loaps rrom Movement or Pier Tops. 
Center Span. Structure with High Deck without Intermediate Expansion Joints. 20-ft. Piers. 


SNe 


Moment in in. lb. at 


Change “ ‘ i in SS Se 
ani ue to 
toad Aof AB|BofAB| Bof BC Cof BC | CofCD | DofCD 
Rec oe een + 327 | + 327) — 4 151 — 4151] + 4 102 | + 4 102 
Cr Scena AG Fey —1441 | —5018 | + 5 529 | + 1 681 0 rs 
Rotation at C......... 0 0 — 439] — 1443 | + 1896 | + 7 
Fixed-End Loading...) 914 | _ sho, | —33 101 | 4 4 oes | + 5-908 | + 4.678 
Resultant.. 6.5.52. 064<: = 7 | 
Off at |; Spreads. Soctcces ses + 4 032 | + 4 032 | — 4615 | — 4 615 | 
ont Rotation at B... ae — 5 393 | — 1 640 ny 9 _ 576 | 
Rotation at C... as : Tai a oe ‘ ae 1 896 
ixed- i ie 0 = 
pat tera med +1624 | +5113 | —33 118 | — 4 333 | — 6 511 | — 5 191 
Average load on and off......... —1369 | —4902 | —33 110 | + 4 294 | + 6 255 | + 4 936 
Onvat: | ‘Spread.c.ni cise gncee ae +4033 | +4033 | —14 706 | —14 706 +11 153 | +11 153 n 
C2 Rotation at B......... —1371 | —4773 | +52 590 | + 1 559 0 0 
Rotation at: Ci.c.¢ 065: 0 i) - 922-| — 3 031 | + 3 981 | + 1 209 
Tixed-End Loading... . 0 0 —30 820 | +23 864 0 0 
Resultant....00. oe +<5.: +2662 | — 740 | —41 189 | + 7 726 | +15 134 +12 362 
Offat | Spread. .<.... 00. os at « —2943 | —2943 | +12 216 | +12 216 | — 9 743 | — 9 743 
C2 | Rotation at B......... +1160 | +4039 | — 4 450 | — 1 353 0 0 
Rotation atiC:........ 0) 0 +1009 | + 3 319} — 4 360 | — 1 324 
Fixed-End Loading.... 0 0 +30 820 | —23 864 0 0 
Resultant... ....c0008. —1783 | +1096 | +39 595 | — 9 682 —14 103 | —11 067 
Average load on and off......... +2223 | — 918 | —40 392 | + 8 704 | +14 618 | +11 715 


Values are for unit load of 2000 lb. 


of the terminals was indicated by the level bubbles, by the Ames dials 
attached to the abutments and pier bases, and by the hydrostatic 
gages attached to the abutments and pier tops. The readings of these 
instruments were recorded to enable the terminals to be returned to 
their initial position after each load change. The movement of the 
pier tops was determined by the Ames dials, which indicated changes 
in span, and by calibrated level bubbles, which indicated rotations. 
The scales measured the reactions at the abutments and pier bases. 
In making a test readings were taken (1) with only the design dead 
load upon the arch, (2) after the unit live load had been added, and 
(3) after the unit live load had been removed. A complete test for 
each load point therefore included the determination of the changes 
in the reactions’ due to applying and also to removing the unit load. 

All terminals were returned to their original position, as nearly 
as practicable, after each change in load, nevertheless the in- 
struments, except the bubbles, were read after each adjustment, so 
that if there was any deviation from the normal position of a terminal 
it would be indicated by the records. The angular position of the 


ee oa 


REINFORCED. CONCRETE ARCHES WITH DECKS ON SLENDER PIERS 35 


TABLE 14. 
CoMPUTATIONS FOR INFLUENCE ORDINATES FOR HorizonTaL THRUST AND VERTICAL 
SHEAR BY Unir Loaps rrom MovEeMENT oF Pier Tops. 
Center Span. Structure with High Deck without Intermediate Expansion Joints. 20-ft. Piers. 


Horizontal Thrust in Ib.| - Vertical Shear in lb. at 
Change 
in Due to (ia i GkL | 7 SL Gc (cae eee i se 
Load East | Center| West | Aof | Bof | Bof | Cof | Cof | Dof 
Span | Span | Span AB AB BC BC CD AtGD 
On at Spread oc cess s acc +7/] —91/] + 88 0 0 0 0 0 0 
cl Rotation at B..... —45 | + 52 0 -—11 ]}/ +11 )}/°-— 12] + 12 0 0 
Rotation at C..... 0 — 14/ 4+ 18 0 0 - 38/]+ 3] —4] +4 
Fixed-End Loadingf 0 +328 0 0 0 +1908 | + 92 0 0 
Resultantsccc s.4<.0's —38 | +275 | +106 | —11 | +11 | +1893 | +107 | —4 | +4 
Ofviat? Spreads. ...c.ci.<e.s +5/+ 88] — 99 0 0 0 0 (0) 
Cont Rotation at B..... +44 | — 51 0 +11) -—11 | + 12) — 12 0 0 
Rotation at C..... 0 + 14/; -— 18 0 0 3] -— +4] -4 
Fixed-End Loading| 0 —328 0 0 —1908 | — 92 0 0 
Resultant.. on.c. +49 | —277 | —117 | +11 | —11 | —18938 | —107 | +4] —4 
Average load on and off.......| —44 | +276 | +112 | —11 | +11 | +1893 | +107 | —4 | +4 
On at SPORE ae ctacctttt sw i0r8 +91 | —322 | +238 (0) 0 0 0 (0) 
Cc2 Rotation at B..... —43 | + 49 0 —10 | +10; — 11] 4 11 0 0 
Rotation at C..... 0 — 28 | + 38 0 0 = + 6] —9 | +9 
Fixed-End Loading| 0 +925 0 0 0 +1724 | +276 0 0 
Resultant......... +48 | +624 | +276 | —10 | +10 | +1707 | +293 | —9 | +9 
Off at Spreads. a. cre 36 —66 | +268 | —208 0 0 0 0 0 0 
C2 Rotation at B..... +37 | — 42 0 +9|/-—-9,{,/+ 9] - 9 0 0 
Rotation at C..... 0 + 31 | — 42 0 0 7 | =. 7 | +9) —9 
Fixed-End Loading} 0 —925 0 0 0 —1724 | —276 0 0 
Resultant......... —29 | —668 | —256 | + 9| — 9 | —1708 | —292 | +9 | —9 
Average load on and off...... +39 | +646 | +263 | —10 | +10 | +1708 | +292 | —9 +9 


Values are for unit load of 2000 lb. 


terminal was adjusted with extreme care and no record was made of 
the position of the bubble other than to note that it had been in- 
spected and found to be central. The spread and settlement, although 
recorded, were so small that no corrections were made for them. 


12. Influence Crdinates from Movement of Pier Tops.—The influ- 
ence ordinates for moment and for the horizontal and vertical com- 
ponents of the thrust at both springings of all spans were determined 
from the movement of the pier tops that accompanied the application 
and removal of a load of 2000 lb. at each of the various load points. 
Of the structures with a high deck, the one without intermediate ex- 
pansion joints was tested at pier heights of 20 ft., 15 ft., and 10 ft.; 
but the one with intermediate expansion joints was tested at pier 
heights of 20 ft. and 10 ft. only. Both structures with a low deck 
were tested at a pier height of 20 ft. only. 

The method of determining the reactions at the springings from 
the movement of the pier tops is illustrated in Tables 13 and 14. The 
computations in these tables are for the center span. Each component 
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TABLE 15. 


INFLUENCE OrpINATES FoR Moment By Unir Loaps FROM 
Movement or Pier Tops. 
Structure with High Deck without Intermediate Expansion Joints. 20-ft. Piers. 


See 


Moment in in. lb. at 


A of AB B of AB B of BC C of BC C of CD D of CD 


El —18.867 + 1.168 + 2.820 + 1.495 + 0.652 + 0.421 
E2 —20.661 + 4.064 + 6.906 + 3.513 + 2.660 + 1.901 
E3 —11.784 + 4.275 +10.429 + 5.028 + 4.712 + 3.194 
E4 — 3.061 + 0.216 +11.877 + 6.257 + 5.299 + 3.484 
ES + 4.916 — 5.317 +10.150 + 5.851 + 4.840 + 3.322 
E6 +10.256 —10.950 + 6.430 + 4.010 + 3.319 + 1.834 
E7 + 8.852 —17.749 eo 07, + 1.977 + 1.636 + 0.943 
E8 + 3.231 —15.932 =— 1.191 + 0.896 — 0.032 — 0.032 
C1 — 0.684 — 2.451 —16.555 + 2.147 + 3.127 + 2.467 
c2 Se ae — 0.459 —20.196 + 4.352 + 7.309 + 5.857 
C3 + 3.000 + 2.804 —14.000 + 4.640 + 9.584 + 8.066 
C4 + 5.498 + 6.632 — 6.824 + 0.451 + 8.555 + 6.905 
C5 + 6.807 + 8.552 — 0.773 — 6.649 + 6.368 + 5.906 
C6 + 5.809 + 8.120 + 3.529 —12.961 + 2.864 + 4.217 
C7 + 3.846 + 5,547 + 4.008 —19.369 — 1.016 + 1.789 
cs + 1.589 + 2.287 + 1.385 —16.910 — 2.701 + 0.006 
Wi + 0.072 + 0.116 + 0.042 — 2.171 —14.004 + 4.129 
W2 + 1.038 + 1.518 + 1.589 + 0.247 —16.294 + 8.606 
W3 + 1.803 + 2.828 + 3.092 + 4.245 —10.360 + 9.712 
W4 + 2.189 + 3.498 + 4.482 + 7.748 — 4,931 + 4.822 
W5 + 15776 + 3.412 + 4.317 + 9.390 + 0.593 — 2.362 
W6 + 2.298 + 3.671 4+- 4.682 + 9.248 + 2.629 —13.318 
Ww7 + 1.431 + 2.477 + 2.793 + 6.280 + 2.637 —21.602 
Ws + 0.640 et O17. + 1.026 + 2.304 + 0.534 —19.415 


(horizontal thrust, vertical shear, or moment) of a reaction is made 
up of four parts: The reaction due to spread, the reaction due to ro- 
tation of the top of the east pier, the reaction due to rotation of the 
top of the west pier, and the fixed-end reaction due to the unit load. 
These components are listed separately in the various lines of the 
tables. The resultant component is the algebraic sum of the various 
parts. The tables show the computations for the change in the re- 
actions due to applying and to removing the unit load from each load 
point. The average of these two values is given for each component 
reaction in the last line of the group for each load point. Tables 
similar to Tables 138 and 14 were made for each load point for all 
structures tested, but the other tables have been omitted from this 
bulletin. 

The computations of Tables 13 and 14 have been presented in 
detail to enable the reader to see the relative magnitude of the four 
parts making up the resultant for each component reaction, and to 
enable him to judge of the relative error in the resultant due to an 
assumed error in one of the parts. 

The influence ordinates for reactions due to a unit lead of one lb., 


—— Ll UU eee ee on 
* 


REINFORCED CONCRETE ARCHES WITH DECKS ON SLENDER PIERS 37 


TABLE 16. 
INFLUENCE ORDINATES FOR HorizontaL THRUST AND VERTICAL SHEAR BY UNIT 
Loaps From MovEMENT oF Pier Tops. 
Structure with High Deck without Intermediate Expansion Joints. 20-ft. Piers. 


Horizontal Thrust in lb. Vertical Shear in Ib. at 
Lic || Rael ees A a ees 
of 1lb. 
at East Center West A of B of B of C of C of D of 


Span Span Span AB AB BC BC cD cD 


E4 +0.663 pir +0.083 | +0.566 | +0.434 | —0.017 | +0.017}/ —0.006] +0.006 
E6 +0.622 113 | +0.046 | +0.268 | +0.732 | —0.007 | +0.007} —0.004} +0.004 
ET +0.396 | +0.050 | +0.023 | +0.140 860 | +0.001 | —0.001} —0.002 to 002 
E8 +0.152 | +0.011 | +0.001 | +0.052 | +0.948 | +0.006 | —0.006 0 0 
C1 —0.022 | +0.138 | +0.056 | —0.005 | +0.005 | +0.946 | +0.054) —0.002 0.002 
C2 +0.019 | +0.323 | +0.131 | —0.005 | +0.005 | +0.854 | +0.146) —0.004 1 004 
c3 +0.067 | +0.528 | +0.179 | —0.001 | +0.001 | +0.724 | +0.276) —0.004) +0.004 
C4 +0.128 | +0.618 | +0.155 | +0.003 | —0.003 | +0.578 | +0.422} —0.005) +0.005 
C5 +0.159 | +0.608 | +0.128 005 | —0.005 | +0.427 | +0.573) —0.001} +0.001 
C6 +0.139 | +0.531 | +0.084 | +0.007 | —0.007 | +0.282 | +0.718} +0.004) —0.004 
+0.330 | +0.026 | +0.005 | —0.005 | +0.150 | +0.850} +0.009] —0.009 
+0.127 | —0.012 | +0.002 | —0.002 | +0.055 | +0.945} +0.008) —0.008 


the average of the values for load on and load off, determined in the 
manner illustrated in Tables 13 and 14, are given in Tables 15 and 16 
for the structure with a high deck, without intermediate expansion 
joints. Table 15 gives the influence ordinates for moment, and 
Table 16 those for horizontal thrust and vertical shear. Similar tables 
were compiled for the other structures but they have not been included 
in this bulletin. 

The influence lines for the three components of the reaction, hori- 
zontal thrust, vertical shear, and moment, are shown in Figs. 9 to 23, 
inclusive, for the structures with a high deck; the corresponding lines 
for the structures with a low deck are shown in Figs. 24 to 29. In 
these figures the heavy full lines represent values for reactions on the 
east half of the structure and the heavy broken lines represent values 
for the reactions on the west half. The latter have been turned end 
for end so as to be directly comparable with the former. The influence 
lines for structures without and with intermediate expansion joints in 
the deck, and for structures with pier heights of 20 ft. 15 ft., and 
10 ft., respectively, are all included in these figures. 
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Load art C2 2000 20-fr. Prers 


lus =(2750X $3) + (2646 64) =+ 3152 
és Mon = ag — (324.06 X11) = -4F 
Mac = Mag + (51-47 X2201) + (50.504 507)-(302.64 X 636) =-54 004 
Mes =1aa + Mac — (Z40X 636) = - 99 049 
Ve =(@161 # 204) + (26.32 X192)=+10 684 
Meo = Moc + (3824.05 X12) = +14 S78 
Mog = Men + (58/7 X 1.20) + (60.91 X 815) - (301.58 X 451) = - 5524 
Mic = eg + Men + (€@40 X 45/1) = + BB (AE 


Fig. 30. Computation For DETERMINING MoMENTS 
FRoM Mrasurep REACTIONS 


13. Influence Ordinates from Measured Reactions—The influence 
ordinates for moment, and for the horizontal and vertical components 
of the thrust at both springings of all spans, were determined from the 
measured changes in the loads on the scales that accompanied the 
application and removal of a load of 2000 lb. at each of the various 
load points. The tests were made simultaneously with the tests for de- 
termining the reactions from the movement of the tops of the piers. 
The movement of the pier bases and of the west abutment, all rela- 
tive to the east abutment, movements that were supposed to be zero, 
were recorded, but the movements were small and have been neglected. 

The method of computing the moments at the various springings 
and at the bases of the piers, due to applying and removing a load 
of 2000 lb. at load point C2, is illustrated in Fig. 30. The reactions 
are the average of the values, load on and load off, the sense of the 
forces being for the changes accompanying the application of the load. 

For the structure with a high deck with no intermediate expansion 
joints the influence ordinates were determined at pier heights of 20 ft., 
15 ft., and 10 ft., but the horizontal forces at the bases of the piers 
were somewhat in error for many of the tests. Because this horizontal 
force has a large moment arm about the springings of the center span, 
the moments at these sections are seriously in error and have not been 
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reported for some tests. For other tests for which the moments are 
reported the values given are evidently seriously in error. For the 
specimen having intermediate expansion joints the reactions were de- 
termined for structures having 20-ft. and 10-ft. piers only. 

For the structure with a low deck tests were made at a pier height 
of 20 ft. only. These tests all seemed fairly satisfactory and the re- 
sults are all reported. 

The influence lines determined from the weighed reactions at the 
abutments and pier bases are the light lines of Figs. 9 to 29. The 
light full lines are the influence lines for the reactions on the east 
half of the structure and the light broken lines are the influence lines 
for the reactions on the west half of the structure turned end for end 
so that they would be directly comparable with the light full lines. 


14. Comparison of Deflection Diagrams and Influence Lines.—If 
an arch is made of a homogeneous elastic material, a diagram show- 
ing the vertical deflection of the rib due to one movement (2, y, or @) 
of a terminal of an arch or an arch series, is also an influence line for 
the reaction at the terminal moved, the movement and reaction being 
parallel. Tests were made to determine the vertical deflection of all 
load points due to giving, successively, each of the four terminals 
(the two abutments and the two pier bases) the following movements: 
(1) Rotation without horizontal or vertical translation (2) Horizontal 
translation without rotation or vertical translation (3) Vertical trans- 
lation without rotation or horizontal translation. All of these tests 
were made at pier heights of 20 ft., 15 ft., and 10 ft. for the structures 
with a high deck, but only at a pier height of 20 ft. for the structures 
with a low deck. m 

The arch carried the design dead load and the movements were 
planned to keep the thrust line within the kern at all sections. The 
position of the terminals was indicated by the Ames dials, the hydro- 
static gages, and the level bubbles. In all tests except those involving 
rotation the terminals were adjusted so that the bubbles were in their 
mid-position. The horizontal and vertical adjustments were made as 
accurately as practicable and the actual positions were recorded. 

The relative vertical movement of the piers and abutment was 
measured with the hydrostatic gage, and the vertical movement of the 
load points on the arch rib was measured relative to the top of 
the J-and-L Junior I beams in the manner described on page 77 of 
Bulletin No. 269. 

For the structure with a high deck with no intermediate expan- 
sion joints the vertical movement of the load points was measured as 
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Ltd 


TABLE 17. 


Exastic Constants Usrep IN ALGEBRAIC DETERMINATION OF 
INFLUENCE ORDINATES. 


n=9 
Reactions Due to Unit Reactions Due to Unit 
Translation at Springing Rotation at Springing 
Structure 
M t in in, Ib. 
Horizontal Moment ee 
Thrus in. lb. 
Ib. end rotated far end 
. : ? 
Rib without deck......... ge oeee 12 659 833 000 79 566 730 38 722 760 
Neck with without expansion ’ 
high deck) .,Joints.........-..| 25 967 | 1 186 000 135 933 000 40 667 000 
with expansion joints} 17 817 996 000 107 900 000 54 200 000 
echiaith without expansion 
owideol , joints.....-.-.-..| 30 460 1 566 000 163 500 000 51 720 000 
with expansion joints} 26 600 1 572 000 145 860 000 73 920 000 
> OS Sie a ee eae 121 163 7 753 460 893 682 910 — 967 148 210 
TATED an iss 553 te eee ee 202 927 11 137 240 1 034 045 780 — 970 657 960 
Nel Mee cic. <.ck kre ela ox wok 464 522 .| 19 733 820 1 318 178 760 —1 049 880 120 


All forces are in pounds, distances in inches, rotations in radians, and moments in inch-pounds. 


TABLE 17 (CONTINUED). 


Vertical Dis- 


sence from e y . 
pringing to 8 y*ds z*ds 
Structure Centroid of D4 1%, 7 je T 
Elastic Weights 
in. 
Rib without (OPE) BAD reper baits ed rors 65.803 0.761580 260.691 4240.780 
Arch with {without expansion joints... . 45.673 0.0966840 127.0844 1818.176 
high deck \ with expansion joints....... 55.902 0.1300666 185.2164 3225.520 
Arch with fwithout expansion joints... . 51.412 0.1217766 108.3388 1549 .565 
low deck \with expansion joints....... 59.098 0.1942554 124.0602 2407 .706 
OME eae che aatcre ee at at aahonialbtanet «6 56.8 63.992 0.0083014 27 .23606 0 
erp ay liek Ue ees oe Ok see wie sie eee oe wee 54.883 0.0078051 16. 26198 0 
OSG rma hina nitisioke stovorsiata tees 42.482 0.0068772 7.10408 0 


, ts X and Y axes are respectively horizontal and vertical axes through the centroid of elastic 
weights. 


a terminal was moved from its normal to an extreme position, and 
then again as it was moved back to its normal position. For the 
other structures the terminal to be moved was first moved out of 
its normal position one-half of the anticipated movement and the test 
began from this position. Thus the vertical movement of the load 
points was measured as the terminal was moved from an initial po- 
sition on one side of the normal to a position an equal distance on the 
other side, and then again as the terminal was returned to the initial 
position. 

The vertical movement of the load points, converted into equiva- 
lent influence ordinates, are represented by the heavy broken lines of 
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Figs. 31 to 38 inclusive. The influence lines determined from the de- F 


flections are compared with the corresponding influence lines de- 
termined by other methods, as indicated in the various figures. 


15. Algebraically-Determined Influence Ordinates from Experi- 
mentally-Determined Elastic Constants—The influence ordinates for 
the reactions at the springings of a multiple-span arch series on high 
piers depend upon the fixed-end reactions for the spans and upon 
certain elastic constants for the arches and pier. These constants can 
all be computed for a structure with ribs but no deck, and this method 
was used in determining the values given in Bulletin No. 269. The 
algebraic determination of the elastic constants for a multiple-span 
arch series with a deck is, however, very complicated. A method of 
attack which has been developed* is to determine the elastic con- 
stants experimentally, and then use these values in an algebraic an- 
alysis. This has been done, using Cross’ method, for the arches in- 
cluded in this report. The experimental work is described in Sections 
6 to 10. Corresponding values of the constants for the various arches 
and for the two ends of a single arch were not always equal, indicating 
a lack of homogeneity in the material, or inaccuracies in the experi- 
mental work, or both. The elastic constants that were used in the 
analysis, given in Table 17 are based upon the experimental work, 
as explained in Section 10. The geometrical constants for the arches, 
also given in Table 17, have been obtained from the measured elastic 
constants on the basis that n = 9. The geometrical constants for the 
piers were computed from the dimensions of the piers, and the elastic 
constants have been determined from the geometrical constants on the 
basis that n= 9. 

The computed values for the influence ordinates for the reactions 
at the springings, based upon the constants of Table 17, are given in 
Tables 18 to 38. These values are represented graphically by the 
small open circles in Figs. 9 to 38. 

The constants for converting thrust and moment into stress are 
given in Table 39. One set of constants is for the stress at the spring- 
ing of structures, and the other is for the stress at the section through 
load point C3 of structures with intermediate expansion joints. The 
stress at a section is the algebraic sum of the products of M, H, and V 
multiplied by the corresponding constants. The quantities M, H, and 
; *This method was developed in “A Study of Multiple-Span Arches,” a thesis submitted 
in the Graduate School of the Univeity of Mllincis, 1980, ty Doss an en 


the supervision of the author. 
tContinuous Frames of Reinforced Concrete, Cross and Morgan, pp. 316-335. 
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TABLE 19. 
INFLUENCE ORDINATES FOR HorizonTaL THrust ALGEBRAICALLY DETERMINED — 


FROM EXPERIMENTAL ELAstTic CONSTANTS. 
Structure with High Deck without Intermediate Expansion Joints. 20-ft. Piers. 


Horizontal Thrust in lb. 
Load of 
1 Ib. at 

East Span Center Span West Span East Pier West Pier 
El +0.11701 +0.03322 +0.01397 —0.08379 +0.01925 
E2 +0.32884 +0. +0.03965 —0.23457 +0.05462 
E3 +0.55042 +0.15058 +0 .06340 —0.39984 +0.08718 
E4 +0.65766 +0.16854 +0.07110 —0.48912 +0 .09744 
E5 +0 .67364 +0.15713 +0.06646 —0.51651 . 09067 
E6 +0.59414 +0.11934 +0.05072 —0.47480 +0.06862 
EZ +0.38860 +0.05158 +0 .02232 —0.33702 +0.02926 
E8 +0.16314 +0 .00027 +0.00059 —0.16287 —0.00032 
Cl —0.01299 +0.13064 +0 .04652 +0. 14363 +0.08412 
C2 +0.03425 +0.31665 +0.11134 +0.28240 +0. 20531 
C3 +0. 10646 +0.49408 +0. 16286 +0.38762 +0.33122 
C4 +0.15214 +0.57121 +0.17276 +0.41907 +0 .39845 
C5 +0.17276 +0.57121 +0.15214 +0.39845 -41907 
C6 +0.16286 +0.49408 +0. 10646 +0.33122 +0 .38762 
C7 +0.11134 -+0.31655 +0 .03425 +0. 20531 +0. 28240 
C8 +0.04652 +0.13064 —0.01299 +0.08412 +0.14363 
Wil +0.00059 +0.00027 +0.16314 —0.00032 —0.16287 
W2 +0.02232 +0.05158 +0.38860 +0.02926 —0.33702 
Ww3 +0.05072 11934 +0.59414 +0.06862 —0.47480 
Ww4 +0 .06646 +0.15713 +0.67364 +0.09067 —0.51651 
W5 +0.07110 +0.16854 +0 .65766 +0.09744 —0.48912 
W6 +0.06340 +0.15058 +0.55042 +0 .08718 —0.39984 
Ww7 +0.03965 +0.09427 +0.32884 +0.05462 —0.23457 
Ws +0.01397 +0 .03322 +0.11701 +0.01925 —0.08379 
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TABLE 22. 
INFLUENCE ORDINATES FoR HorizonraL Turust ALGEBRAICALLY DETERMINED 
FROM EXPERIMENTAL ELAstic CONSTANTS. 4 


Structure with High Deck without Intermediate Expansion Joints. 15-ft. Piers. j 


Horizontal Thrust in Ib. 4 
Load of 
1 Ib. at 
East Span Center Span West Span East Pier West Pier , 
El +0.12459 +0 .02924 _+0.01029 —0.09535 +0.01895 b 
E2 +0.35017 +0.08310 - +0.02923 —0.26707 +0 .05387 
E3 -+0.58576 +0.13182 +0 .04642 —0.45394 +0.08540 
E4 +0.69930 +0.14606 +0.05152 —0.55324 0.09454 
E5 +0.71551 +0.13398 +0 .04739 —0.58153 +0.08659 
E6 +0.63010 +0.09877 +0.03513 —0.53133 +0.06364 
E7 +0.41077 03793 +0.01380 —0.37284 +0.02413 
E8& +0.17136 —0.00563 —0.00162 —0.17699 —0.00401 
(eal —0.01753 +0.14051 +0.04115 +0.15804 +0.09936 
c2 +0 .02250 +0.34147 09853 +0.31897 +0. 24294 
C3 +0.08748 +0.53340 +0.14311 +0.44592 +0.39029 
C4 12985 +0.61685 +0.15019 +0.48700 +0. 46666 
C5 +0.15019 +0.61685 +0.12985 +0 .46666 +0.48700 
C6 +0.14311 +0.53340 +0 .08748 +0 .39029 +0.44592 
C7 +0 .09853 +0.34147 +0 .02250 +0 .24294 +0.31897 
; c8 +0.04115 +0.14051 —0.01753 +0.09936 +0.15804 
‘ 
Wi —0.00162 —0.00563 +0.17136 —0.00401 —0. 17699 
Ww2 +0.01380 +0 .03793 +0.41077 +0.02413 —0.37284 
Ww3 +0 .03513 +0.09877 +0.63010 +0 .06364 —0.53133 
j w4 +0.04739 +0.13398 71551 +0.08659 —0.58153 
7 W5 +0.05152 +0. 14606 +0.69930 +0.09454 —0. 55324 
: W6 +0 .04642 +0.13182 +0.58576 +0.08540 —0.45394 
f W7 +0 .02923 +0.08310 +0.35017 +0 .05387 —0. 26707 
' Ws +0.01029 +0.02924 +0.12459 +0.01895 —0.09535 
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TABLE 25. o] 
INFLUENCE ORDINATES FOR HorizonTaAL THrust ALGEBRAICALLY DETERMINED 
FROM EXPERIMENTAL ELAstic CONSTANTS. 
~ : Structure with High Deck without Intermediate Expansion Joints. 10-ft. Piers. 


ae 


Horizontal Thrust in lb. 
Load of 

A 1 Ib. at + 
East Span Center Span West Span East Pier West Pier 
ee El +0.13503 +0.02319 +0.00591 —0.11184 +0.01728 
#E2 - +0 .37962 +0.06606 +0.01682 —0.31356 +0 .04924 

E3 +0 .63412 » -+0.10350 +0 .02639 —0.53062 +0.07711 . 

a Ha +0.75564 +0.11251 +0 .02874 —0.64313 +0.08377 | 
E5 +0.77122 +0.10002 +0 .02563 —0.67120 +0 .07439 
E6 +0 .67677 +0 .06934 +0.01789- —0.60743 +0.05145 
; ET +0.43791 +0.01939 +0 .00521 —0.41852 +0.01418 
M4 E8 +0.18002 —0.01284 —0.00306 —0.19286 —0.00978 
i cl —0.02180 +0.15378 +0 .03216 +0.17558 +0.12162 
. C2 +0.00777 +0.37705 +0.07767 +0.36928 +0. 29938 
C3 +0 .06084 +0.59117 +0.11199 +0.53033 +0.47918 
C4 +0 .09692 +0.68435 +0.11561 +0.58743 56874 
C5 +0.11561 +0. 68435 +0.09692 +0. 56874 +0. 58743 
a C6 +0.11199 +0.59117 +0.06084 +0.47918 +0. 53033 
C7 +0 .07767 +0.37705 +0 .00777 +0.29938 +0.36928 
C8 +0.03216 +0. 15378 —0.02180 +0.12162 +0.17558 
Wi —0.00306 —0.01284 +0. 18002 —0.00978 —0.19286 
Ww2 +0.00521 +0.01939 +0.43791 +0.01418 —0.41852 
W3 +0.01789 +0 .06934 +0.67677 0.05145 —0.60743 
Ww4 +0 .02563 +0.10002 +0.77122 +0 .07439 —0.67120 
" W5 +0.02874 +0.11251 +0 .75564 +0 .08377 —0.64313 
Ww6 +0 .02639 +0. 10350 +0 .63412 +0.07711 —0. 53062 
W7 +0.01682 +0 .06606 +0 .37962 +0 .04924 —0.31356 
Ws +0.00591 +0 .02319 +0. 13503 +0.01728 —0.11184 
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' TABLE 28. 
INFLUENCE ORDINATES FOR HorizontTaL Turust ALGEBRAICALLY DETERMINED 
FROM EXPERIMENTAL ELASTIC CONSTANTS. 
Structure with High Deck with Intermediate Expansion Joints. 20-ft. Piers. 


Horizontal Thrust in lb. 


Load of 
1 lb. at 

East Span Center Span West Span East Pier West Pier 
Fl +0 .12034 +0 .03382 - +0.01336 —0.08652 +0 .02046 
E2 +0.34471 +0.09449 +0.03731 —0.25022 +0.05718 
E3 +0 .57384 +0. 14564 +0 .05752 —0.42820 +0.08812 
EA +0 .69504 +0.15695 +0 .06200 —0.53809 +0.09495 
E5 +0 .72244 +0.13728 +0.05427 —0.58516 +0 .08301 
E6 +0.64614 +0 .09376 +0.03711 —0.55238 +0 .05665 
ET +0 .42935 +0 .03375 +0.01341 —0.39560 +0 .02034 
E8 +0.17541 —0.00571 —0.00220 —0.18112 —0.00351 
C1 —0.02126 +0.13939 +0 .04937 +0.16065 +0 .09002 
C2 +0.00985 +0 .34826 +0 .11839 +0 .33841 +0. 22987 
C3 +0 .07335 +0 .53760 +0. 16606 +0 .46425 +0 .37154 
C4 +0.12955 +0.61977 +0. 16468 +0 .49022 +0 .45509 
C5 +0.16468 +0.61977 +0 .12955 +0 .45509 +0 .49022 
C6 +0.16606 +0. 53760 +0.07335 +0 .37154 +0 .46425 
C7 +0.11839 +0 .34826 +0 .00985 +0 . 22987 +0 .33841 
c8 +0 .04937 +0.13939 —0.02126 +0 .09002 +0. 16065 
Wi —0.00220 —0.00571 +0.17541 —0.00351 —0.18112 
Ww2 +0 .01341 +0.03375 +0 .42935 +0 .02034 —0.39560 
Ww3 +0 .03711 +0 .09376 +0. 64614 +0 .05665 —0.55238 
Ww4 +0 .05427 +0 .13728 +0 .72244 +0.08301 —0.58516 
W5 +0 .06200 +0.15695 +0 .69504 +0 .09495 —0.53809 
W6 +0 .05752 +0. 14564 +0 . 57384 +0 .08812 —0.42820 
W7 +0.03731 +0.09449 +0.34471 +0 .05718 —0,25022 
Ws +0.01366 +0 .03382 +0, 12034 +0 .02046 —0.08652 
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TABLE 31, 
INFLUENCE ORDINATES FOR HorizontTaL THrRusT ALGEBRAICALLY DETERMINED 

FROM EXPERIMENTAL ELASTIC CONSTANTS. 
Structure with High Deck with Intermediate Expansion Joints. 10-ft. Piers. 


Horizontal Thrust in lb. at 


owt of 
1 Ib. at 

East Span Center Span West Span East Pier West Pier 
Fl +0.13700 +0.02442 +0.00608 —0.11258 +0.01834 
E2 +0.39196 +0 .06769 +0.01686 —0.32427 +0.05083 
E3 +0 .65016 +0.10153 +0.02530 —0.54863 +0.07623 
E4 +0.78356 +0.10438 +0.02604 - —0.67918 +0 .07834 
EB5 +0.80927 +0.08379 +0.02095 —0.72548 +0.06284 
E6 +0.71794 +0.04719 +0.01186 —0.67075 +0.03533 
E7 +0.47131 +0 .00407 +0.00112 —0.46724 +0 .00295 
E8 +0. 18863 —0.01698 —0.00416 —0.20561 —0.01282 
(ol —0.02721 +0.16006 +0.03466 +0.18727 +0.12540 
C2 —0.01167 +0 .40475 +0.08342 +0.41642 +0.32133 
C3 +0 .03375 +0 .62827 +0.11497 +0.59452 +0.51330 
C4 +0 .07869 +0.72582 +0.10948 +0.64713 +0.61634 
C5 +0.10948 +0.72582 +0.07869 +0.61634 +0.64713 
C6 +0.11497 +0 .62827 +0.03375 +0.51330 +0.59452 
C7 +0.08342 +0 .40475 —0.01167 +0 .32133 +0.41642 
c8 +0 .03466 +0. 16006 —0.02721 +0.12540 +0.18727 
Wi —0.00416 —0.01698 +0.18863 —0.01282 —0.20561 
Ww2 +0.00112 +0 .00407 +0.47131 +0.00295 —0.46724 
W3 +0.01186 +0 .04719 +0.71794 +0.03533 —0.67075 
Ww4 +0 .02095 +0 .08379 +0.80927 +0 .06284 +0.72548 
W5 +0 .02604 +0.10438 +0.78356 +0 .07834 —0.67918 
W6 +0 .02530 +0.10153 +0.65016 +0 .07623 —0.54863 
W7 +0.01686 +0.06769 +0.39196 +0.05083 —0.32427 
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ae ORDINATES FOR HoriIzonTaAL THRUST ALGEBRAICALLY DETERMINED 
7 FROM EXPERIMENTAL Evastic CoNnsTANTS. 


Structure with Low,Deck without Intermediate Expansion Joints. 20-ft. Piers. 


Horizontal Thrust in lb. 


East Span Center Span West Span East Pier West Pier 
El +0. 11432 +0.03552_ ~ +0.01666 —0.07880 +0.01886 . 
E2 +0 .32597 +0.09731 +0.04573 —0.22866 +0.05158 
E3 +0.51971 +0.15013 +0 .07066 —0.36958 +0.07947 5 
E4 - -+0.63009 +0.16940 +0.08000 —0.46069 +0.08940 
E5 +0.64519 +0.15891 +0.07539 —0.48628 +0.08352 a 
E6 +0. 56624 +0.11781 +0.05645 —0.44843 +0 .06136 
ET | +0 .38746 +0.05459 +0.02695 —0.33287 +0 .02764 “ 
E8 +0.16596 —0.00035 +0 .00090 —0.16631 —0.00125 
él —0.01612 +0.13133 +0.05128 +0.14745 +0.08005 
C2 +0.03581 +0.31711 +0.11608 +0.28130 +0.20103 
C3 +0.10361 +0 .47256 +0. 16434 +0.36895 +0 .30822 
C4 +0. 15430 +0.55118 +0.17402 +0 .39688 -+0.37716 
C5 +0.17402 +0.55118 +0. 15430 +0.37716 +0.39688. 
C6 +0. 16434 _ +0.47256 +0.10361 +0. 30822 +0 .36895 
CT +0.11608 +0.31711 +0.03581 +0.20103 +0.28130 
C8 +0 .05128 +0.13133 —0.01612 +0.08005 +0. 14745 
Wi +0.00090 —0.00035 +0.16596 —0.00125 —0.16631 
W2 +0 .02695 +0 .05459 +0.38746 +0 .02764 —0.33287 
W3 +0.05645 +0.11781 +0.56624 +0.06136 —0.44843 
wa +0.07539 +0.15891 +0.64519 +0 .08352 —0.48628 
Ws +0.08000 +0.16940 +0.63009 . +0 .08940 —0.46069 
W6 +0.07066 +0.15013 +0.51971 +0 .07947 —0.36958 
W7 +0.04573 +0.09731 +0.32597 +0.05158 —0.22866 


Ws +0 .01666 +0.03552 +0.11432 +0 .01886 —0.07880 
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TABLE 37. . 
INFLUENCE ORDINATES FOR HorIzoNTAL THRUST ALGEBRAICALLY DETERMINE! 
FROM EXPERIMENTAL ELASTIC CONSTANTS. 

Structure with Low Deck with Intermediate Expansion Joints. 20-ft. Piers. 


Horizontal Thrust in lb. 


West Pier 
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TABLE 39. 


CONSTANTS FOR CONVERTING REACTION COMPONENTS INTO 
STRESSES AT VARIOUS SECTIONS. 


Constant for Section at 


Reaction Component Springing Load-Point 3 
Intrados Extrados Intrados Extrados 
MG MeN te wees eke ye nee ae +0 .0029379 —0.0029379 +0 .0096080 —0.0096080 
Horizontal Thrust. ........ we —0.0038322 —0.0038322 —0.0106414 —0.0106414 
iWertical Shear.....ociiss. ss «as —0.0051095 —0.0051095 —0.0029443 —0.0029443 
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Fic. 40. Inriuuence Lines ror Stress AT B or BC. STRUCTURES WITH 
Hig Decks witHoutr INTERMEDIATE EXPANSION JOINTS. 


V represent the moment, the horizontal component of the thrust, and 
the vertical component of the thrust, respectively, at the section where 
the stress is to be determined; they can be obtained from the influence 
ordinates for the reactions at the springings, given in Tables 18 to 38, 
and converted into influence ordinates for stress at the springings and 
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at load-point C3 by the use of the constants given in Table 39. The 
corresponding influence lines for stress are given in Fig. 39 for the 
stress at B of BC, and for the stress at C3. All structures represented 
by these diagrams have identical 20-foot piers, and the variations in ~ 
the influence lines are attributed to variations in the decks of the 
various structures. Figure 39 apparently indicates that the large 
variations in the elastic constants of the arch spans, recorded in 
Table 17, have relatively little effect upon the influence ordinates for. 
stress at 03, the vulnerable section of the structures with a deck with © 
intermediate expansion joints. Figure 39 also indicates that varia- 
tions in the elastic constants of the arch spans have a greater effect 
upon the stress at B of BC than upon the stress at C3, but even at 
B of BC the variation in the stress is much less, relatively, than the ~ 
variation in the elastic constants. . 
The influence lines for stress at B of BC, for structures with © 
various pier heights, are given in Fig. 40 for structures with a high — 
deck. These influence lines apparently indicate that changing the 
height of the pier, with the accompanying change in the elastic con-— 
stants given in Table 17, produces a change in the influence ordinates 
for stress at B of BC which is much less, relatively, than the change 
in the elastic constants. The influence lines for stress at C3, for 
structures with various pier heights, are given in Fig. 41 for structures _ 
with a high deck, and also for those with a low deck. Figure 41 ap-_ 
parently indicates that changing the height of the pier, with the ac-_ 
companying change in the elastic constants given in Table 17, produces 
a change in the influence ordinates for stress at C3 which is very much 
less, relatively, than the change in the elastic constants. In the preced- 
ing discussion, all arch spans and all piers for a structure were assumed 
to be identical. 3 
In order to determine the effect of variations in the elastic con- 
stants of adjacent arch spans upon the stresses, two structures were 
analyzed for which the properties of the material were assumed to be 
different for the different spans. Both structures had 20-ft. piers; one 
had a high deck without, and the other a high deck with intermediate 
expansion joints. The constants for the center span were assumed to 
be the same as for all three spans of the corresponding structures given 
in Table 17, and the constants for the end spans were assumed to be 
two-thirds as great as the corresponding constants in Table 17. The 
influence lines for stress in these hypothetical structures, and the 
corresponding influence lines of the structure for which all spans are 
identical, are compared in Fig. 42. This figure also. apparently indi- 
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cates that a considerable variation in the elastic constants produces 
a relatively small variation in the influence ordinates for stress. 

The discussion in the preceding paragraphs apparently justifies the 
following conclusions: 

The influence ordinates for the reactions at the springings of a 
three-span series of arches with decks can be determined by an alge- 
braic analysis in which experimentally-determined constants are used.* 
Because a considerable variation in the elastic constants of either the 
arch spans or of the piers produces a comparatively small variation in 
the stress in the arch rib, a considerable error in the elastic constants 
is not serious, providing they are mutually statically consistent. But 
if the analysis is to be used to determine dead-load stresses, the fixed- 
end reactions should be determined with a high degree of accuracy. 
The constants may be determined by tests on small concrete struc- 
tures or on celluloid models. 


16. Influence Ordinates from Tests of Elastic Models.—Tests were 
made on celluloid models of the structures with a low deck to deter- 
mine the influence ordinates for the reactions at the springings of the 
arch spans. The models were made of annealed clear sheet celluloid 
0.09 in. thick, which is manufactured specially for use in elastic mod- 
els. The scale of the models was 1 in.—1 ft., except for thickness. 
The end span, half of the center span, and the top portion of the 
included pier were continuous, being cut from a single sheet. The 
two halves thus formed were fastened together with a steel clamp at 
the crown of the center span. The piers were made up of three thick- 
nesses of celluloid glued together and reinforced with machine screws 
on the centerline. The portion of the pier that was cut integrally 
with the arch formed the upper part of the center lamination. Tests 
indicated that the glue did not affect the modulus of elasticity of 
the celluloid and that the fabricated three-ply pier was three times 
as stiff as a single-ply pier of the same outline. The two main por- 
tions of the model were cut from the same sheet of celluloid and the 
additional pieces of the piers were cut from a similar sheet which, 
tests indicated, had the same modulus of elasticity as the other. The 


ji , 
width of the members was such that the values of SF for the various 


members bore the same ratio to each other for the model as for the 
concrete specimen. The model was tested in a horizontal position and, 
*These constants include the influence ordinates for the fixed-end reactions of a single 


span and the reactions that accompany a unit movement of one springing of a single span, 
the other springing being fixed. The latter are referred to as the elastic constants. 
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to eliminate friction, was supported on }-in. steel balls that ran on 
level plate-glass supports. Steel discs, weighing 3 oz. each, were dis- 
tributed over the model to keep it from warping. 

In the tests to determine the reaction components for the east 
abutment, the deformeter gage was attached at the east springing of 
the east rib. The end of the rib was then given, successively, tangential 
and normal motions of translation and a motion of rotation. Microm- 
eter microscopes focused on targets at the load points gave the verti- 
cal movement of these points which accompanied a known movement 
(T, N or 6) of the springing of the arch. On the assumption that the 
model is perfectly elastic, these vertical movements are a measure of 
the reaction components parallel, respectively, to the component move- 
ments at the springing. The tangential and normal reaction compon- 
ents were later converted into horizontal thrust and vertical shear. 

The tests to determine the influence ordinates for the reaction 
components at the pier tops differed from the tests just described in 
two respects. Since the structure was continuous over the section 
where the reaction components were to be determined, it was neces- 
sary to cut the structure and, by means of the deformeter gage, pro- 
duce relative motion between the two adjacent portions of the severed 
member instead of between the end of the member and the drawing 
board to which the other terminals of the model were fastened. Be- 
cause of the interference of the adjacent span, the deformeter gage 
could not be attached at the springing of the arch, and it was attached 
at a section about °4 in. from the springing. The reactions at this 
section were later converted into moment, horizontal thrust, and ver- 
tical shear at the springing. 

Tests were made to determine the reaction components at both” 
springings of all three spans due to a unit load at each load point over 
the entire length of the structure. A check was thus obtained from 
the symmetry of the structure. The two diagrams, one for a reaction 
component for a section in the east half of the structure and the 
other for the same reaction component at the corresponding section 
in the west half of the structure, should be identical if one is turned 
end-for-end relative to the other. For all reaction components the two 
diagrams, which fora perfect check should be identical, were actually 
so nearly identical that they were hardly distinguishable. The values 
reported are the averages for the two ends. 

The influence ordinates determined from the deflection of the 
celluloid model on the assumption that the model was perfectly elas- 
tic have been entered on the diagrams of Figs. 24 to 29, 37 and 38. 
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These values are represented by small solid circles. The values for 
the reaction components of the abutments obtained from tests of 
celluloid models agree very closely with the corresponding values ob- 
tained from the tests of the concrete specimens by the use of unit loads, 
and also with the values obtained from the tests of the concrete speci- 
men in which the vertical movement of the load points due to terminal 
movements was measured. The statement is true both for the structure 
without and for the one with intermediate expansion joints. 

The values of the horizontal and vertical reaction components at 
the springings of thé arches adjacent to the piers agree closely with 
the values obtained from tests of the concrete specimens in which unit 
loads were used, but the values for the moment, while agreeing fairly 
well, differ slightly from the values obtained from the concrete struc- 
ture in some instances. Possibly this difference is not greater than the 
differences that might be obtained from tests of two concrete structures 
built to the same drawings and specifications. 

The influence ordinates obtained from the tests of the celluloid 
model were used in computing the dead-load reactions. Except for 
the differences due to the shortening of the rib and pier, the dead-load 
reaction components should be the same at all springings and they 
should be the same as for a single span with fixed ends. The dead- 
load reaction components at the various springings of the two struc- 
tures are given in Table 40. Although the values differ greatly, rela- 
tively, the absolute values are small. The values obtained by weighing 
the reactions when the dead load was applied or removed are not re- 
ported for the structure with a low deck, but the values for a structure 
with a high deck, which are comparable, are given in Tables 41, 42, 
and 43. The values obtained from tests of the concrete structure and 
from tests of the celluloid models differ, for the various springings, by 
approximately the same amounts. 

Models of the structure with a low deck were tested by B. S. 
Tucker, a graduate student at the University of Ohio, working under 
the supervision of Professor Clyde T. Morris. The technique, insofar 
as it applied to the abutment reactions, was the same as that used 
at the University of Illinois. The abutment reaction components ob- 
tained by Mr. Tucker are presented in Figs. 37 and 38;* they are in 
almost perfect agreement with the results obtained at the University 
of Illinois. 

It would appear that a statically indeterminate structure similar 
to a multiple-span series of arches can be analyzed successfully by the 


*These values are presented with the knowledge and consent of Prof. Clyde T. Morris. 


en ae 
va 


92 ILLINOIS ENGINEERING EXPERIMENT STATION 


TABLE 40 
Drap-Loap REAcTION COMPONENTS 


Horizontal . * 

Moment in in. lb. at Thrust re Shear 

in Ib, at in Ib. at > 

Structure ; 
Aot AB | Bof AB | Bof BC AB BC |A of AB|B of AB|B of BC 


From Celluloid Models 


Low deck without inter- 


mediate expansionjoints} +12 450 | —21 700 | —18 250 | 25 883 | 25 484 | 27 349 | 27 368 | 27 620 
Low deck with intermedi- 


ate expansion joints...| + 2124} —42 900 | — 4 900 | 26 562 | 26 912 | 27 140 | 27 426 | 27 227 


From Design-load Tests of Concrete Specimen | 


High deck without inter- 


mediate expansionjoints} +10 000 | —23 100 | —16 500 | 26 809 | 26 584 | 27 098 | 27 302 | 27 149 
High deck with intermedi- 


ate expansion joints. ..| +11 300 | +10 300 | +25 000 | 27 061 | 26 769 | 27 197 | 27 203 | 27 204 ' 


From the Experimental Influence Ordinates of Tables 9 and 10 


Low deck without inter- 


mediate expansion joints} +33 500 | +33 500 | +33 500 | 27 525 | 27 525 | 27 200 | 27 200 | 27 200 
Low deck with intermedi- 


ate expansion joints...| +30 741 | +30 741 | +30 741 | 27 000 | 27 000 | 27 200 | 27 200 | 27 200 


use of an elastic model. But the fact should be realized that satisfac- 
tory results can only be obtained if extreme care is used, for the 
movements measured are very small. From the experience obtained 
in the analyses described in this section certain precautions are sug- 
gested which, if exercised, will contribute to the success of analyzing 
structures by this method: 

(1) The model is so large relative to the movement at the load 
points that a very slight variation in the temperature of the model in- 
troduces an objectionable error. It is therefore necessary to work in a 
room that remains at a constant temperature, and is free from air 
currents. It was found that a variation in temperature of one degree 
F. per hour was objectionable. 

(2) The celluloid to be used should be annealed, and the move- 
ments should be small, otherwise there may be an error due to time 
yield. 


(3) The plugs and the micrometer should be calibrated against 
each other. 

(4) The test should be planned so that errors in the quantity 
measured will not appear greatly magnified in the final results. 

(5) If the several pieces forming a model are fastened together 


REINFORCED CONCRETE ARCHES WITH DECKS ON SLENDER PIERS 93 
with adhesive, an adhesive should be used which does not affect the 
physical properties of the material. If they are assembled with 
clamps, these should be of a type that will not permit slippage. 
(6) The number of reactions determined experimentally should be 
more than necessary to make the structure statically determinate in 
order that the laws of statics may afford a check. 


17. Comparison of Influence Lines Determined by Various Methods. 
—The influence ordinates for reactions at the springings were de- 
termined by two experimental methods, (1) by measuring the changes 
in the reactions at the terminals that accompany the application and 
removal of a unit load at each load point, and computing the reac- 
tions at the springings from the measured reactions at the terminals; 
and (2) by measuring the fixed-end reactions for the arches and 
determining the elastic constants for the spans by measuring the 
changes in reactions at the springings accompanying a unit movement 
of one end relative to the other, and computing the reactions due to 
the application and removal of a unit load from the measured move- 
ment of the pier tops. The reactions at the terminals were also de- 
termined from the vertical movement of the load points accompanying 
a unit movement of a terminal on the basis that a deflection diagram 
is an influence line for the reaction. The influence lines determined by 
the various methods are superimposed upon each other in Figs. 9 
to 38. The lines determined by the various methods have much the 
same character but differ materially in detail in some instances. 

In judging of the probable accuracy of the influence lines de- 
termined by the various methods, it is necessary to consider the pos- 
sibility of error in their determination. The vertical scales seemed to 
function with a very high degree of accuracy and all measured vertical 
reactions are believed to be accurate. The horizontal reactions could 
not be determined with the same degree of assurance as the vertical 
reactions, for the terminals are supported on the vertical scales which 
are carried on rollers, and any rolling friction or obstruction to free 
rolling diverts some of the horizontal force from the horizontal scales. 
The vertical reaction at each abutment was approximately 27 000 lb., 
and this did not seem to cause any appreciable rolling friction. The 
load on the rollers under the pier bases was 120 000 lb. and, while 
there seemed to be no appreciable rolling friction, the apparatus be- 
haved as if there was a slight projection on either the roller or the 
track, in spite of the fact that both roller and track had been finished 
with extreme care. The apparatus was calibrated for position of the 
rollers, the position of the rollers during a test was noted, and the 
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horizontal scale readings were corrected for the change in position. 
An additional check was made for all of the horizontal scales by 
making a summation of all of the increments of the horizontal forces. 
This sum should be zero, and in most cases did not exceed 40 lb., and 
in many cases did not exceed 10 lb. When the summation of H or V 
did not equal zero, the error was distributed among the terminals in 
proportion, approximately, to the vertical reactions, actually 0.10 
to each abutment and 0.40 to each pier base. 

The moments at the abutments, which were determined from the 
vertical reactions, and for which the arms of the forces were small, 
are believed to be very accurate. The moments at the pier bases for 
the structures having 20-foot piers are also fairly accurate, since the 
horizontal force at the pier base, which is about 25 feet below the 
springing of the arch and 5 feet below the base of the pier, has a small 
lever arm. For structures having 15-foot and 10-foot piers, the 


‘moments at the bases of the piers, as determined from measured re- 


actions, are less dependable, since the arm of the horizontal force is 
greater, and an error in the horizontal force produces a greater error 
in the moment. The moment at the springings of the end spans is less 
accurate at the pier end than at the abutment end because, for the 
former, the lever arm of the vertical reaction of the abutment is great, 
27 feet, and a small error in this reaction makes an appreciable error 
in the moment. However, as stated previously, the vertical reactions 
were determined with a high degree of accuracy, and the moment 
at the pier end of the outside spans, as determined from the measured 
reactions, may be accepted as being not seriously in error even though 
the moment arm is long. 

The moments at the springings of the center span, as determined. 
from the measured reactions, involve: (1) The vertical reaction of the 
abutment, which can be determined very accurately, but which has a 
lever arm of 27 feet; (2) the vertical reaction at the pier base, which 
can be determined accurately, and which has a short lever arm; and 
(3) the horizontal reaction at the pier base, which cannot be de- 
termined with extreme accuracy, and which has an arm of about 25 
feet. The resultant moment is the small difference between the two 
large moments of opposite sign, and a relatively small error in either 
of the component moments makes a relatively large error in the re- 
sultant moment. The errors in those tests of Section 13 which were 
omitted are believed to be due to an error in the horizontal force at 
the pier base. For the tests reported, the sum of the horizontal forces 
was very nearly zero, and the moments reported are probably very 
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close to the true values. Nevertheless, the method of determining the 
reactions at the springings of the center span from the measured re- 
actions is not as dependable as could be desired. 

The reactions at the springings as determined from the movement 
of the pier tops depends upon four experimentally-determined con- 
stants: (1) The fixed-end reactions for a single span; (2) the 
moment and thrust at the springing due to a unit change in span; 
(3) the moment at the end rotated and at the opposite end, due to a 
unit rotation of one end; and (4) the horizontal thrust due to unit 
rotation of one end. ‘Of these it is believed the two first enumerated 
were determined with a satisfactory degree of accuracy; the two last 
could not be determined accurately for the center span, but were de- 
termined with a fair degree of accuracy for the end spans. 

The resultant moment at the springing is the algebraic sum of the 
four quantities (1) fixed-end moment, (2) moment due to change 


- in span, (3) moment due to rotation of near end, and (4) moment 


due to rotation of far end. This resultant moment can be obtained 
with a fair degree of accuracy for the end spans, since all four com- 
ponents can be obtained satisfactorily. For the center span, as already 
stated, the latter two components cannot be determined accurately. 
This at first appears unfortunate since it is these same moments that 
cannot be determined satisfactorily from the measured reaction. 
Fortunately, however, the uncertain quantities do not enter largely 
into the moments at points where the loads produce the largest mo- 
ments, as is evident from the computations for the moments due to 
loads in the center span, given in Table 13. The value of the resultant 
at B of BC due to a load of 2000 lb. at Cl, given in Table 13, is 
— 33 101 in. lb., and the components of the moment due to rotation, 
the quantities whose values are somewhat uncertain, are — 5529 and 
— 439 in. lb. An error of 20 per cent in the larger of these uncertain 
quantities would make an error of only 3 per cent in the resultant. 
An examination of the other tables (not included in this bulletin) 
similar to Table 13, reveals the fact that the moment at B and C 
of BC, due to a load at the points where the load produces a large 
moment, is not likely to be seriously in error due to errors in the ex- 
perimental constants. 

The deflection diagrams are of interest when considered as in- 
fluence lines. The movement of the terminals and the vertical move- 
ment of the load points were measured very accurately. Any dis- 
crepancy between a deflection diagram and the corresponding true 
influence line is believed to be due to a lack of perfect elasticity in 
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the material of the arch. A comparison of the deflection diagrams and 
the influence lines for vertical reactions shows that the diagram repre- 
senting the vertical movement of the load points due to a vertical 
movement of a terminal coincides with the influence line for the 
vertical reaction of the terminal moved. The comparison of the de- 
flection diagrams and the influence lines for horizontal reactions 
shows that, for some portions of the diagrams, an ordinate of the 
diagram representing the vertical movement of the load point due 
to a horizontal movement of a terminal differs somewhat from the cor- 
responding ordinate of the influence line for the horizontal reaction 
of the terminal moved. The agreement between the two sets of curves 
is very close for experimental diagrams, and the differences are im- 
portant only because of the large difference in stress that is produced 
by a slight difference in the horizontal force, especially over the 
central portion of the arch. The statements relative to the influence 
lines for horizontal reactions and the diagrams showing the deflection 
due to horizontal movement of the terminals are also true relative 
to the influence lines for moment and the diagrams showing the de- 
flection due to the rotation of a terminal. 

The influence lines were also obtained by analyzing the struc- 
ture by an algebraic process, using experimentally-determined elastic 
constants for the arch spans. This is believed to be the most satis- 
factory of all of the methods used. Even though the elastic constants 
are in error, if they are mutually consistent and comply with the re- 
quirements of statics, the errors in the elastic constants will not 
greatly affect the influence ordinates for stress. 

The flexural stress in the rib of an arch is due to a small difference 
between two large moments of opposite sign. If the influence ordinates « 
are determined by an all-experimental method, as in Sections 12 to 14, 
an error may be introduced in the factors affecting the moment of one 
sign which is, relatively, very small but, because this error affects 
one of the large quantities and does not affect the other, the resultant 
moment may be seriously in error. An error in the elastic constants 
for the arch used in the algebraic analysis, so long as all of the con- 
stants are mutually consistent, does not have this effect. 

The maximum live-load stress at any section of a three-span arch 
bridge is produced by placing loads on only those portions of the 
structure for which the influence ordinates for stress at the given sec- 
tion have the same sign. For this reason influence ordinates need not 
be determined with extreme accuracy if they are limited in their use 
to the determination of live-load stress. But, because the influence 
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lines for stress lie partly above and partly below the base line with the 
positive and negative areas nearly equal, the influence ordinates must 
be determined with extreme care if they are to be used to determine the 
dead-load stress. It is believed that none of the experimental methods 
used for determining influence ordinates are sufficiently accurate to 
permit of the use of the resulting influence ordinates in determining 
the dead-load stress in the rib of the three-span arch bridge. The 
algebraic analysis involving experimental constants is sufficiently 
accurate to be used in determining dead-load stress in the three-span 
structures only if the influence ordinates for the fixed-end reactions 
are sufficiently accurate to be used in determining the dead-load stress 
in a single span. 


V. Desien-Loap TESTS 


18. Description of Tests—The design-load test consisted of meas- 
uring the changes in the reactions at the terminals, the strain in the 
concrete of the rib, and the vertical movement of the load points due 
to applying first the dead load and then the live load, and also that 
due to removing first the live load and then the dead load. The 
terminals were returned to their normal position after each load 
change before the readings were taken. The design-load test was made 
for the structure with a high deck only. 

The design dead load is shown in Fig. 8. The live load, based 
upon specifications for highway bridges, consisted of a distributed 
moving load equal to 960 lb. per panel, and a moving concentrated 
load of 1800 Ib. to be superimposed upon the distributed load. This 
live load was distributed so as to produce a maximum stress at B of 
BC for the structure without intermediate expansion joints, and so 
as to produce a maximum stress at C3 for the structure with inter- 
mediate expansion joints. The load distribution used, given at the top 
of Fig. 8, was determined from the influence lines for stress for a 
structure having 20-ft. piers, based upon the experimental work of 
Section 12. The live-load distribution for maximum stress, based upon 
the influence lines* given in Fig. 39, would be slightly differ- 
ent from that used, but the maximum stress corresponding to the live- 
load distribution called for by the latter diagrams does not differ 
greatly from that due to the live load used. The design-load tests were 
made on structures without intermediate expansion joints having pier 
heights of 20 ft., 15 ft., and 10 ft., and on structures with intermedi- 
ate expansion joints having pier heights of 20 ft. and 10 ft. The same 


*These influence lines were not available when the design load and capacity tests were 
planned. 
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TABLE 42, 


I 
Honizonrat Turust aT SPRINGINGS FROM MEASURED Reactions, 
: Dersten-Loap Tust. 


Horizontal Thrust in Ib. 


roy East Span | Center Span} West Span | East Pier | West Pier 
ee I en ge es 


Structure with High Deck without Intermediate Expansion Joints 


20 peed fond Cis chao se 2 Sia tes hig: 584 +26 910 — 225 — 326 
Aveload> . + ..¢sidus te 2 491 = 763 +2118 1728 

Dead load + live ad +27 182 +29 075 +27 67 +1893 Pace 

15 ee eed Maye aie techs ois ie are ae +27 020 — 205 — 449 
ive load............. 5 + 644 +2418 2089 

Dead load + live load..| +27 091 +29 304 +27 664 +2213 Bian 

10 Dead! load seh neat. +26 806 +26 708 +26 938 — 98 — 230 
Live load..... 2 RSI +- 72 + 2 910 + 548 +2738 +2362 

Dead load + live load..| +26 978 +29 618 +27 486 +2640 +2132 

Structure with High Deck with Intermediate Expansion Joints 

20 Dead loads... vera. phd 061 +26 769 igs 731 — 292 + 38 
Live load..... wegen ee 336 + 3 107 985 +2771 +2122 

Dead load + live load Tor 397 +29 876 tor 716 +2479 +2160 

10 Weadiload@yen. tenis S- +27 037 +26 792 +26 760 — 245 32 
Rive loader cee oer + 84 + 3 381 + 731 +3297 +2650 

Dead load + liveload..} +27 121 +30 173 +27 491 +3052 +2682 


live load was used at all pier heights, but the live loads for the struc- 
tures with and without intermediate expansion joints were different. 

The strain in the concrete was measured at sections midway be- 
tween the load points; and the reactions at the springings were de- 
termined from the measured reactions at the terminals. The latter 
are given in Tables 41, 42, and 43. The thrust lines for the various 
structures are given in Fig. 48. The location of these thrust 
lines was determined from the measured reactions at the terminals, 
and are for the structure as a whole, considered as a rigid body. They 
do not represent exactly the position of the thrust in the rib alone 
because some of the thrust is taken by the deck. The trapezoids of 
strain are based upon the measured strain, and the small circles repre- 
sent the centers of pressure, determined from the strain on the basis 
that stress is proportional to strain, and that the strain in the steel is 
the same as in the adjacent concrete. 

The fact that the centers of pressure are so near the thrust lines 
indicates that the superstructure did not greatly affect the stress in 
the rib due to the design load. This is due in part to the fact that the 
thrust line is within the kern of the rib except near B of BC, and in 
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part to the fact that only the end columns of the center span assist 
the rib in resisting the moment near the springing, the only section 


at which there is an appreciable moment. The center of pressure ‘ati 


the section directly below the expansion joints should be on the thrust 
line since, at this section, all of the thrust is taken by the rib. 
The deflection diagrams for the design-load tests are given im 


Fig. 44. The effect of the pier height and also of the intermediate 


expansion joints upon the deflection of the deck are of particular 
interest. 


VI. Capacity TESTS 


19. Description of Tests—The capacity test consisted of measur- 
ing the changes in the reactions at the terminals, the strain in the con- 
crete of the rib, and the vertical movement of the load points due to 
applying the dead load and a live load, the latter in multiples of one 


live load, until the capacity of the structure had been reached. The — 


height of the piers for these tests was 20 feet. 

Before the capacity tests were made, the intermediate expansion 
joints in the deck were closed by connecting the reinforcing steel 
across the joint with sleeve nuts and filling the joint with a rich sand- 
cement mortar. None of the joints cracked during the capacity test, 
indicating that the joints were able to resist shear and tension as well 
as compression. 

Two tests were made on each of the structures without intermedi- 
ate expansion joints. For the first test the live load was distributed 
so as to give the stress at B of BC a maximum value, and, for the 
second, the load was distributed so as to give the stress at C4 a maxi- 
mum value. For the structure with a high deck the live load was 
distributed as shown in Fig. 45, and for the structure with a 
low deck as shown in Fig. 46. Readings were taken when the 


structure carried no load, when it carried the design dead load, — 


the dead load plus one live load, the dead load plus three live loads, 
and the dead load plus five live loads. The terminals were returned 
to their normal position after the application of each load incre- 
ment before the readings were taken. Each of these tests was stopped 
when five live loads had been added to the dead load, as a number 
of small cracks had opened in the spandrel columns, and it was not 
intended that the structure be destroyed but that it be saved to be 
tested to failure as a structure with intermediate expansion joints. 
After the tests just described had been completed, the intermedi- 
ate expansion joints in the deck were again opened and the resulting 
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Fig. 48. Section or Ris at C3 AFTER FAILURE. 
SrructurE witH HicH Deck 


structure was loaded to failure, the load being distributed so as to 
produce failure by compression at the extrados at C3. The live load 
used for this test is shown in Fig. 47 for the structure with a high deck, 
and also for the structure with a low deck. Loads at C1 and C5 
would have produced a little compression at the point of failure, but 
the addition in stress would have been very small. Moreover, loads at 
C1 and C5 would have added greatly to the loads on the outside scales 
under the pier bases, and these scales were overloaded even with the 
load distribution used. For these reasons the live loads at C1 and C5 
were omitted in this test. 

For the structure with a high deck a complete set of readings was 
taken when the structure carried no load, and when it carried the 
design dead load, the dead load plus one live load, the dead load plus 
two live loads, the dead load plus four live loads, and the dead load 
plus five live loads. Six live loads were added to the dead load and the 
terminals were returned to their normal position. The rib was badly 
cracked at the intrados, and the extrados was spalled on a section at 
the east edge of the spandrel column at C3, but the structure carried 
the load for 15 to 20 minutes. It is possible that if this load had re- 
mained the structure would eventually have failed. Instead, additional 
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Fic. 50. Section or Ris at C3 arrer Farture. Structure with Low Deck 


loads were applied at C3, and failure occurred when 700 lb. had been 
added. The section at C3 after failure is shown in Fig. 48, and the 
load on the structure at failure is shown in Fig. 49. 

For the structure having a low deck with intermediate expansion 
joints a complete set of readings was taken when the structure carried 
no load, and when it carried the design dead load, the dead load plus 
one live load, the dead load plus three live loads, and the dead load 
plus five live loads. The maximum load applied consisted of the dead 
load and six live loads plus 960 lb. at C3. Under this load there was 
a large tension crack at the intrados, and the concrete was badly 
spalled at the extrados, as shown in Fig. 50. It was believed that this 
load would eventually break the arch, and so no additional loads were 
added. Failure had not occurred, however, at the end of a 12-hour 
period and the test was discontinued. Figure 51 shows the arch carry- 
ing the maximum load to which it was subjected. 

The strain in the concrete was measured at sections midway be- 
tween the load points, and the reactions at the springings were de- 
termined from the measured reactions at the terminals. The thrust 
lines for the various tests are given in Figs. 45 to 47. The position of 
the thrust lines was determined from the measured reactions at the 
terminals, and are for the structure as a whole, considered as a rigid 
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body; these thrust lines do not coincide with the thrust line for the 
rib alone. For all tests the thrust lines are drawn from the two ends 
toward the middle, and the failure “to close” at the center is indi- 
cated by the offset at the crown of the center span. There appears to 
pave been an error in the reactions for the structure with a high deck, 
| as the offset in the thrust line at the center is large. The fact that the 
offset is so nearly constant for all loads suggests that the error is in 
the no-load reading, as this reading is the base from which all incre- 
ments were computed. The offset in the thrust line for the structure 
with a low deck is small for all tests. The fact should be remembered, 
however, that a small error in the location of the thrust lines may 
cause a large error in the unit stress. The trapezoids of strain are 
based upon the measured strain in the concrete, and the small circles 
represent the centers of pressure, determined from the strain on the 
basis that stress is proportional to strain, and that the strain in the 
steel is the same as in the adjacent concrete. The fact that the stress 
on the uncracked sections is low, and the fact that the structure had 
been loaded and unloaded several times before this test was made, 
makes it appear probable that the stress-strain diagram was nearly 
straight. The centers of pressure were not determined at sections 
where there was sufficient tension to crack the concrete, since at such 
sections the assumptions upon which the determinations were based 
are seriously in error. The fact that the centers of pressure do not fall 
‘upon the thrust line over the middle portion of the span, for the struc- 
ture without intermediate expansion joints loaded for maximum stress 
at C4, is due, at least in part, to the fact that the centers of pressure 
are points on the thrust line for the rib, whereas the thrust line shown 
is for the structure as a whole. The fact that the center of pressure 
is nearer the axis of the arch than the thrust line indicates that the 
superstructure has reduced the moment in the rib. The center of 
pressure at the section directly below the expansion joints, for the 
structure with intermediate expansion joints, should be on the thrust 
line since, at this section, all of the thrust is taken by the rib. 

Some idea of the extent to which deck participation reduces the 
moment in the rib may be obtained by comparing the eccentricities 
of the thrust lines for the structure as a whole at C4 of Fig. 45 and at 
C3 of Fig. 47, when both structures carry the dead load and five live 
loads. The eccentricity, considering the thrust line for the structure 
as a whole, is much greater for the former than for the latter, yet the 

rib of the former showed no indication of failure, whereas the rib of the 
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latter was badly cracked, and failed at the section under consideration 
when the load was increased to slightly more than six live loads. 

The deflection diagrams for the capacity tests are given in Figs. 
52, 53, and 54 for the structure with a high deck, and also for 
the structure with a low deck. The greater stiffness of the struc- 
tures without intermediate expansion joints as compared with sim- 
ilar structures with expansion joints is of special interest. Of 
the structures without intermediate expansion joints the one with a 
low deck is much stiffer than the one with a high deck. For the struc- 
ture having a high deck with intermediate expansion joints, the de- 
flection at C3 under five live loads was 0.93 in.; the deflection at the — 
ultimate load probably exceeded 1.25 in. 

The unit stresses at B of BC, for the structure without intermedi- — 
ate expension joints, and at C3, for the structure with intermediate — 
expansion joints, obtained from the measured reactions at the termi- 
nals are given in Table 44. Two stress determinations were made for 
each section, one from the forces acting on the portion of the structure 
to the right, and the other from those acting on the portion to the left 
of the section considered. Both values are reported in the table. 

The unit stress at any section depends largely upon the moment on 
that section, and the resultant moment is the small difference between 
two large moments of opposite sign; hence a relatively small error in 
one will produce a relatively large error in the resultant. The offset 
in the dead-load thrust line of Fig. 47 accounts for the difference in 
the values of dead-load stress at C3. The most accurate experimental 
method for determining the dead-load stress in the structure with a 
deck is to determine the magnitude of the thrust from the measured 
reactions, and locate the thrust line from the measured strain. The ~ 
dead-load stress at C3 determined in this manner is — 782 lb. per sq. 3 
in., a value somewhat greater than the larger of the two values for | 
the structure with a high deck given in Table 44. Unfortunately this 
method cannot be used to determine the live-load stress at C3, be- 
cause the thrust is so eccentric that the section is cracked and the po- 
sition of the thrust line cannot be determined from the strain. The 
two values of stress, one determined from the reactions on the east 
half, and the other from those on the west half of the structure, due to 
the larger loads on the structure with a high deck, are fairly con- 
sistent and the average values may be considered approximately cor- 
rect. The two sets of values for the structure with a low deck given 
in Table 44 are very consistent, considering the manner in which they 
were determined. 


a ti ae: a ee 


% 
s 
8 
N 
v 
3 
N 
x 
S 


One Live Load: 


El £2 £3 Ft E5 F6 EZ Fa Cl C203 CA 05 06.0708 WI We W3WA Ws W6W7 Wo 


Wy 
Ne 


| 
(a)-High Deck 


PRU 
Hy 
HZ 
Ny 

Vf 
HE 


Z 
tt 
Nau 
inal 
ATT 
NT 


Dertection Dur to Live Loap, Capactry Trest. Maxtmum Srress at B or BC. Structures with HicH anp Low 


; 
7 
\ 


S Live Loads 


a 
E / Live Load 


Nesom 


S WS) 
oO Ee a a ae eae 
Ss Ss S Ss S Ss SS: 


saya) Us six YI £0 WOWIAY YEG (OC ?74LN 


Fic. 52. 


20-roor Piers 


JOINTS. 


Decks witHouT INTERMEDIATE EXPANSION 


oe a ee ee a oe 


4 110 ILLINOIS ENGINEERING EXPERIMENT STATION 


One Live Load: 
El £2 £3 Eat ES E6E7 FB) Cl C203 CAC5 C6 C708) =WI WE Ws Wa Ws wow7We 


S sy Ss 8& 
Ne) & pos N % 
g eS Ss x y S S 8 


er elCU le 


Capacrry Test. Maximum Srress at C4. Srructures with Hicnh snp Low Decks 
INTERMEDIATE EXPANSION JoINTS. 20-roor Primers 


eee es 
is 


WITHOUT 


One Live Load- 


SEY Cl SIX GIA JO COMIYYAQ [OQsAAN 


Fig. 53. Dertection Dus to Live Loap, 


Vr a 


SUIG LOOd-0Z “SLNIOF NOISNVdX@ ALVIGAWYALN] HLA 
su0gq MOT ONY HDI HLIM saunLonyLg “gD LV ssaMLg WAWIxvJT ‘“Isa], AlOvavO “vOT BATT OL Gad Nonoawaqd “pg “My 


TTA 


ool 


fly 


5 

va 

72) 

[= 

& 090 &. 060 

: ee LE 

a aN ovo S 

S  [peaeene| errr Ubeeere TTT 

i HVUDNEDEGU GG? AR \ORRADERE eke les 

~ 5 

: HEHE Meroe: BER AAPRREAR OAD AN NORERRODOEE me 

z 08 050 CaN 

tad | | CCEECEEPUENUELL ELIT si beer 8 
se Caer : PENUEROUOOHER|OU\\0RRRIOEER a 

E a oO =F, Si WT | ISN SY Sa ee ae a oO _ OEO aN 

WOE INT Re LTT Meee LL 
me Net HH 0 INAATITTNGNTT ESS =S2Can 7 

1S) j . L+4 OEY 

=) Si , pat i. x. 

ae NETS Re PATENT S 
a : WH Aft iv {| | <~=s =s. 7, a > 
Fe 1 th ING, ® O10 ny 

1S) % 

vA Gq 

e) 

1) 

Q 

1 

S) 

= 

e 

4 

Q 

a=} 


112) ee ILLINOIS ENGINEERING EXPERIMENT STATION 


TABLE 44, 


Unit Stresses AT Various Loaps. Capacity TrEst. 
Stresses are in lb. per sq. in. 


Stress at Intrados of Section B of | Stress at Extrados of Section C3. 
BC. Deck without Intermediate Deck with Intermediate Expan- 


Expansion Joints. From sion Joints. From measured 
measured reactions on reactions on 
Load. 
East Half | West Half East Half | West Half 
of Struc- | of Struc- | Average of Struc- | of Struc- Average 
ture ture ture ture 
Structure with High Deck and 20-ft. Piers 
DCA Monde cteiharnisiie © Feaigient — 105 — 244 — 175 — 659 — 191 — 425 
Dead load + 1 live load.....| — 396 — 517 — 457 —1228 — 821 —1025 
Dead load, =F :2' live loads ns. Se | eee oes Oe eee —1772 —1494 —1633 
Dead load + 3 live loads....}| — 958 —1039 = 9000 Pecans ee Mien a ae see 
Dead'load, 47/4 live loads’. .c. aH! tas <0 |) seers as le eee —2621 —2931 —2776 
Dead load + 5 live loads....| —1744 —1510 —1627 —2917 —3158 —3038 
Structure with Low Deck and 20-ft. Piers 
Dend Lowndes eritaee sek cto — 181 — 191 — 186 — 600 — 481 — 541 
Dead load + 1 live load.....| — 527 — 523 — 525 —1235 —1183 —1209 
Dead load + 3 live loads.... —1123 —1093 —1108 —2405 —2563 —2484 
Dead load + 5 live loads.... —1604 —1568 —1586 —3366 —3654 —3510 


The reactions were not determined at the ultimate load but, basing 
the estimate upon the values in Table 44, the maximum stress at 
the ultimate load was probably about 3200 Ib. per sq. in. for 
the structure with a high deck, and about 4000 lb. per sq. in. for the 
structure with a low deck. The strength of the control cylinders was 
3400 lb. per sq. in. for the former, and 4280 lb. per sq. in. for the latter. 

The first two capacity tests were not carried to destruction, buf 
some indication of the nearness to failure may be obtained from the 
cracks that formed as the test progressed. The rib showed no large 
cracks when the arch carried five live loads in addition to the dead 
load, and, if the superstructure had been strong enough to take its 
part of the load, the arch could probably have carried a much greater 
live load than was put upon it. But the spandrel columns and the 
stem of the deck cracked, and at five live loads these cracks had 
opened so that if loading had continued the structure probably would 
have failed, first in the deck and then in the rib. The load that would 
have been required to produce failure, however, is problematic. 
The cracks in the spandrel columns and deck at five live loads were 
about as wide as the cracks in the rib of the structure with expansion 
joints when the latter carried three live loads, one-half of the ulti- 
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Tasuie 45. 


Movement or Pier Tors. Capacity TrEst. 


Span changes are in 0.0001 inch; a plus sign denotes an increase in span. 
Rotations. are in 0.0001 radian; a plus rotation denotes that the pier top tipped inward. 


Change in Span 5 he ee 
Test Load 
East West 
East Center | West Pier Pier 
Maximum Stress at | 1 live load.............. — 379 | + 739 | — 360 | —1.174 | —1.182 
C4. Structure with | 3 live loads............. —1059 | +2284 | —1225 | —2.918 | —4.558 
High Deck without | 5 live loads............. —2269 | +4597 | —2328 | —5.187 | —9.436 
Intermediate Ex- 
pansion Joints 
Maximum Stress at | Dead load.............. + 35] — 198 | + 163 | +1.220 | —0.373 
C3. Structure with | Dead load + 1 live load..| — 249 | + 459 | — 210 | +1.938 | —2.567 
High Deck with In- | Dead load + 2liveloads..| — 590 | +1243 | — 653 | +2.747 | —6.070 
termediate Expan- | Deadload + 4 liveloads..| —1387 | +3112 | —1725 | +4.868 | ....... 
sion Joints Dead load + 5 live loads..| —1854 | +4290 | —2436 | +6.806 | ....... 


mate load for the latter, which was six live loads. This is not proof, 
however, that the structure without expansion joints would have 
carried 10 live loads, or twice the live load which it carried when the 
test was discontinued. 

The cracks observed in the capacity tests of the structure with a 
low deck are shown in Fig. 55. The numerals adjacent to the cracks 
indicate the number of live loads that were on the arch when the 
cracks in the structure were observed. 

The movements of the pier tops that were observed during the 
capacity tests are given in Table 45. 


ee ee eo: 


VII. Auxitiary Tests -; 


20. Movement at Expansion Joints Due to Change in Span.—The 
need of expansion joints in the deck of an arch bridge depends upon 
the movement that would take place if the joints were provided. Tests 
were made on the structures having a deck with expansion joints to 
determine the relation between a change in span and the corresponding 
opening and closing of the expansion joints. 

For these tests the structure carried the design dead load. Ames 
dials attached to the deck indicated the change in width of the ex- 
pansion joints. After the initial readings had been recorded, the abut- 
ments were moved out 0.30 in., thereby increasing each span about 
0.10 in. The tops of the piers were brought to the same vertical and 
angular positions as for the initial readings, and the Ames dials in- 
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TABLE 46. 


MoveMEnt At Expansion Joint DuE TO CHANGE IN SPAN. 


Span changes are in 0.0001 inch; a plus sign denotes an increase i 
_ & re in 0. ch; 3 e in span. 
Changes in width of expansion joints are in 0.0001 inch; a plus sign denotes an inerebhe in width. 


Change in Span Change in Width of Expansion Joints 


East : 
East Center West Tees Center Span West Span 
Span Span Span 


East West East West East West 


? Structure with High Deck 


+1075 +1129 + 799 —269 —243 —268 —269 —178 —163 
—1073 —1128 — 802 +276 +251 +277 +275 +183 +170 
Av. +1000 +1000 +1000 —254 —230 —241 —241 —225 —208 


eee ee —— 


Rgaraces’ot rats Movement at one Expansion Joint = —0.233 
Change in Span 


ie ne 


Structure with Low Deck 


=— 978 — 995 —1026 +114 + 96 +100 +114 +109 +133 
+ 973 +1000 +1027 —114 = 93 —100 —109 —107 —133 
Av. +1000 +1000 +1000 =117. — 97 —100 — 112 —105 —130 


eee ee ee 


Movement at one Expansion Joint 
5 = —0.110 
Change in Span 


Average of ratio 


dicating the changes in span and the movement at the expansion 
joints were read, thereby giving the change in span of each arch and 
the movement at each expansion joint due to the increase in span. 
The abutments were then returned to their initial position, and the 
readings were again recorded after the pier tops had been adjusted 
for vertical and angular motion. 

The results of the tests are presented in Table 46. The ratio of the 
movement at one expansion joint to the change in span, the average 
for all tests, is 0.233 for the structure with a high deck, and 0.11 for 
the structure with a low deck. Increasing the span, equivalent to a 
drop in temperature, closed the expansion joint for both structures. 


21. Shrinkage of Concrete——Auxiliary tests were made to deter- 
mine the shrinkage of the concrete used in the three-span arch series. 
The specimens were poured at the same time as, and were composed of 
the same concrete as the superstructure of the three-span arch bridge 
with a high deck, and were cured under the same atmospheric condi- 
tions as the arch. The specimens were 9 in. thick, 12 in. wide and 
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18 in. long, the transverse section being similar to an average section 
of the arch rib. Three specimens were of plain concrete and three* — 
were reinforced with eight %4-in. round bars. The forms were stripped 
when the specimens were 35 days old. 

The reinforcing rods projected beyond the concrete at both ends — 
and extensometers, clamped to the projecting ends, indicated the — 
deformation of the steel. Each clamp was attached to four rods in — 
such a manner that the movement indicated by the extensometer was — 
the average deformation of the four. Two extensometers were at- 
tached to the reinforcing rods of each reinforced specimen, so that 
the average reading for the two extensometers was the average of 
the deformations in the eight rods of the specimen. Extensometers 
were also attached to the concrete at the ends of all specimens, both 
plain and reinforced, to indicate the deformation of the concrete. 
These extensometers were attached to clamps connected to stubs 
embedded in the concrete and projecting from the ends of the speci- 
men, similar to the projecting rods of the reinforced specimens. Each 
clamp was fastened to four stubs distributed over the end of the 
specimen so that the movement indicated by the extensometer was 
the average deformation over the section. 

The extensometers have a multiplication ratio of 5 to 1, and a 
gage length of 18 inches, so that one division on the Ames dials indi- 
cates a deformation of 0.0000111 in. per in. 

The specimens were stored in a rack in the east abutment of the 
concrete arch. The extensometers were attached before the concrete 
was poured, and the forms were designed so that they could be re- 
moved without disturbing the specimens or extensometers. The initial 
readings were taken from one to two hours after the concrete was 
poured, and subsequent readings were taken at intervals of one hour 
during the first 24 hours, and at increasing intervals, as indicated by 
the diagrams, as the specimen aged. Thermometer wells were provided 
in the specimen, and the temperature of both the concrete and the air 
was taken at each reading of the extensometers, and the extensometer 
readings were corrected for temperature differences. The maximum 
temperature difference of 11 deg. F. occurred ten hours after pouring. 
After 48 hours the temperature differences were very small. The 
thermal coefficient for green concrete is uncertain, but a value of 
0.000006 per deg. F. was used in the corrections for temperature 
differences. 


*Three specimens were made, but the data from one were so erratic that they have not 
been reported. 
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Fig. 56. Trme-SHrinKAGE RELATION FOR PLAIN CONCRETE 


The time-shrinkage curves for all of the plain specimens and for 
the period of the test, 190 days, are given in Fig. 56. All specimens 
expanded during the first 5 days and then began to shrink, returning to 
their original volume at the end of 10 days. All the specimens behaved 
in much the same manner and continued to shrink up to the end of the 
190 day period. Stripping the forms, which occurred when the speci- 
mens were 35 days old, had no appreciable effect upon the rate of 
shrinkage. The time-shrinkage curves for the two reinforced speci- 
mens are given in Fig. 57. These specimens also had an initial ex- 
pansion followed by shrinkage. 

The shrinkages of the plain and reinforced specimens are com- 
pared in Fig. 58. The curve for the plain concrete is for the average 
of three specimens, and the curves for the reinforced specimen are 
the averages for two specimens. The unit shrinkage is based upon a 
length of 18 inches, the overall length of the block for both the plain 
and the reinforced specimens. But the extensometers for the concrete 
were attached to stubs embedded in the concrete, whereas, for the 
reinforced specimens, they were attached directly to the reinforcing 
steel. The difference in the manner of attaching the instrument may 
have caused the difference between the two curves for the reinforced 
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Fic. 58. Comparison or SHRINKAGE FOR PLAIN AND 
For REINFORCED CONCRETE 


specimen, one for the steel and the other for the concrete. The unit 
deformation is based upon a gage length of 18 in. in both instances. 
The true unit shrinkage of the concrete in the reinforced specimen is 
probably somewhat greater than the curve of Fig. 58 indicates. 

The unit shortening in the steel is 188, 306, and 348 millionths of 
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an inch per inch at 60, 120, and 180 days, respectively. The corre- 
sponding stresses in lb. per sq. in. are 5640, 9180, and 10 440. The 
tension in the concrete at the last stress is about 150 lb. per sq. in. 
With E taken as 3 300 000 lb. per sq. in., the shortening of the con- 
crete of the reinforced specimen of 0.000348 in. per in., assumed to be 
the same as for the steel, is equal to the instantaneous deformation of 
concrete due to a stress of 1050 lb. per sq. in. This is two or three 
times the rib shortening due to the usual dead-load stress under in- 
stantaneous loading for a medium length arch. 


22. Deflection Due to Time Yield of Concrete—Tests were made 
to determine the vertical movement of load points due to the time 
yield and the shrinkage of the concrete. The structure with a high 
deck was 42 days old, and the one with a low deck was 33 days old, 
when the test was started. The first set of readings was taken when 
all terminals were in their normal position, and when the structure 
carried no load except its own weight. The design dead load was then 
applied, and a second set of readings taken as soon as the terminals 
had been returned to their normal position; the elapsed time between 
the two sets of readings was about 3 hours for the structure with a 
high deck, and about 6 hours for the structure with a low deck. Sub- 
sequent readings were taken at frequent intervals during the follow- 
ing days as the regular testing routine permitted. The results of the 
tests are shown in Fig. 59. The tops of the piers moved slightly. 
Figure 59 presents one set of curves showing the deflection as 
measured, and a second set corrected for the horizontal movement 
of the pier tops. For the structure with a high deck the deflection due 
to time-yield and shrinkage during a 20-day period, beginning when 


the concrete was 42 days old, was greater than the short-time deflec- 


tion due to the dead load. For the structure with a low deck, the 
deflection during a 7-day interval, beginning when the structure was 
33 days old, was about two-thirds as great as the short-time deflection. 


VIII. Discussion or Resuuts 


23. Effect of Deck on Fixed-End Reactions.— The influence 
lines for fixed-end reactions for a rib without deck, and for an arch 
having a high deck, both with and without intermediate expansion 
joints, are compared in Fig. 7. A similar comparison for a rib with- 
out deck, and an arch having a low deck, is also made in Figay. ine 
diagrams show that the values for horizontal thrust for the four struc- 
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Fic. 60. INFLUENCE Lines For Srress AT C3 For VARIOUS TYPES 
or SincLE SPANS WITH Frxep ENps 


tures having a deck are nearly alike, and that they are much less than 
that for the rib without deck. The vertical shears for the structures 
having a deck with expansion joints are about the same as for a rib 
without deck, and both differ materially from those for a structure 
having a deck without expansion joints. The fixed-end moment is 
much less for the structure having a deck without expansion joints 
than it is for a rib without deck, and the fixed-end moment for the 
structure having a deck with expansion joints lies between those for 
the other two structures. The fixed-end moment is about the same 
for a structure having a high deck without expansion joints as it is 
for one having a low deck without expansion joints. 

The stress at the springing of a single span due to load is governed 
almost entirely by the fixed-end moment. It is therefore very much 
less for the structure having a deck without expansion joints than it 
is for the other two structures. For the single span. having expansion 
joints in the deck, the weak section is at C3. The influence lines for 
stress at this section for various types of single-span structures are 
given in Fig. 60. 

The fact that the deck reduces the moment at the ends (due to 
loads) where its strengthening of the rib is the least, is of special 
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interest in considering the load-carrying capacity of a rib and deck 
designed to function as a continuous structure. 


24. Influence of Flexure of Piers on Stress in Arches—Figures 11, 
14, 17, 20, 23, 26, and 29, presenting the influence lines for the re- 
actions of the piers on the center span, show that the flexure of the 
piers modifies the shape of the influence lines for moment and hori- 
zontal thrust, but does not modify appreciably the influence line for 
vertical reactions. The stress at the springing, possibly the weak 
section of an arch having a deck without intermediate expansion 
joints, is, approximately, a direct function of the moment, and the in- 
fluence lines for the moment referred to show that the live-load com- 
pression at the springings will be greater at the intrados and less at 
the extrados for all five types of three-span structures on high piers 
than for similar single spans with fixed ends. However, the stress at 
this section is not critical for the structure tested. 
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The moment at section C4 (the weak section of a three-span 
structure consisting of a rib without deck*) is a function of all three 
components of the reactions at the springing, and the effect of the 
change in moment is offset by the change in the horizontal and vertical 
reactions. The influence lines for stress at section C4 for three-span 
structures having a rib without deck and with pier heights of 20 ft., 
15 ft., 10 ft., and O ft. (single span with fixed ends), are given in 
Fig. 61. These diagrams show that, even if the flexure of the pier 
greatly affects the reactions at the springings,-the effect of the pier 
height on the stress at section C4 is much less. The stress at point C4 
due to the design live load is 36 per cent greater for a three-span 
_ structure having 20-ft. piers than it is at section C3 for a single span 
with fixed ends. The stress at the same point due to the total design 
load, dead load plus live load, is 13 per cent greater for a three-span 
structure having 20-ft. piers than the maximum stress in a single span 
with fixed ends. All the values used in this comparison were deter- 
mined by the elastic theory, and are based on a value of n=9Q. It 
was assumed, furthermore, that concrete takes tension, and that the 
abutments and the bases of the piers are fixed. 

The moment at section C3, the weak section of a structure having 
a deck with intermediate expansion joints, is a function of all three 
components of the reaction at the springing. The influence lines for 
stress at section C3 for various types of three-span structures having 
a pier height of 20 ft. are given in Fig. 39. These influence lines for the 
structures with a deck were determined from an algebraic analysis 
based on experimentally-determined elastic constants. The stress due 
to the design live load is somewhat greater (145 Ib. per sq. in.) for the 
structure with a high deck having 20-ft. piers than for a similar single- 
span structure with fixed-ends. This increase is 28 per cent of the 
stress due to live load, and 14 per cent of the stress due to dead load 
plus live load in a single span with fixed ends. 

The influence lines for stress at section C3 for a three-span struc- 
ture having a low deck with intermediate expansion joints and a pier 
height of 20 ft., show a stress due to the design live load 173 lb. per 
sq. in. greater for the three-span structure than for a similar single 
span with fixed ends. This is 31 per cent of the stress due to the live 
load and 16 per cent of the stress due to the live load plus dead load 
for the single span. 

For a composite structure consisting of a rib and deck without in- 
termediate expansion joints, the live-load moment over the central 


*See Bulletin No. 269. 
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portion of the center span of the three-span series is greater than that 
for a single span with fixed ends; but the composite structure con- 
sisting of the rib and deck has a much greater moment resisting ca- 
pacity than a rib without deck, and the presence of a large moment 
over the central portion of the span is more than offset by the 
strengthening effect of the deck. 


25. Effect of Variations in Modulus of Elasticity of Concrete on 
Stress in Rib—lIn the study made to determine the effect of a vari- 
ation in the modulus of elasticity of the concrete on the stress in a 
three-span arch series with a deck, the influence lines for stress were 
determined for two structures which had the same dimensions, but 
which were assumed to have been made of material having different 
physical properties. For the first structure, the elastic constants were 
the same for all spans, but for the second structure, while the elastic 
constants for the center span were the same as for the first structure, 
those for the end spans were only two-thirds-as great. This compari- 
son was made for structures having a high deck with and without in- 
termediate expansion joints, the pier height being 20 ft. in both in- 
stances. The influence lines for stress at the critical sections, given 
in Fig. 42, indicate that the assumed variations in the physical 
properties did not greatly change the influence ordinates for stress, 
and it is believed that any variation in the modulus of elasticity of 
the concrete that is likely to occur in an arch rib will not seriously 
affect the live-load stresses. However, because of the peculiar action of 
a multiple-span arch on high piers, the effect of variations in the 
properties of the material on the dead-load stresses is not easily de- 
termined. 

For the three-span structure consisting of a rib without deck the® 
weak section is at section C4. For a homogeneous symmetrical struc- 
ture the dead-load stress should have the same value at sections B4, 
5, C4, C5, W4, and W5. The most dependable experimental method 
of obtaining the dead-load stress is to determine the magnitude of the 
thrust from the measured reactions, and the position of the thrust 
from the measured strain at the intrados and extrados. The consistent 
relation between the pressure centers located from the measured strain 
and the thrust line located by the elastic theory, shown in Fig. 47 of 
Bulletin No. 269, apparently justifies the conclusion that the dead-load 
stresses in the three-span structure consisting of a rib without deck 
did not differ greatly from those in a similar single-span arch sub- 
jected to the same dead load. 


Ay 
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TABLE 47. 


Derap-Loap StrEsses DETERMINED FROM THRUST. 


Structure with Deck without Intermediate Expansion Joints. 
Stresses are in lb. per sq. in. 


Stress at Intrados at Section 


ne pe 7 Average 
fe) fo) of C of C of D of 
Span AB | Span AB | Span BC | Span BC | Span CD | Span CD 
Structure with high deck] —287 —267 —176 —110 —215 —338 —232 
Structure with low deck.. —181 —198 —137 —122 |* —137 —154 —155 
TABLE 48. 
Derap-Loap Stresses DETERMINED FROM THRUST. 
Structure with Deck with Intermediate Expansion Joints. 
Stresses are in lb. per sq. in. 
Stress at Extrados at Section 
Average 
E3 E6 C3 C6 W3 W6 
Structure with high deck} —711 —437 —782 —606 —638 —707 —647 
Structure with low deck.. —560 —755 —610 —685 —626 —637 —646 


For the structures having a deck without intermediate expansion 
joints the critical stress is at the intrados of section B of span BC. 
The dead-load stress should be the same at the springings of all spans. 
The stresses at these sections, determined from the measured thrust, 
the line of action of which was located from the measured strain, are 
given in Table 47. The maximum and average values for the structure 
having a high deck are 338 Ib. per sq. in. and 232 Ib. per sq. in., re- 
spectively, and the maximum and average values for the structure 
having a low deck are 198 Ib. per sq. in. and 155 Ib. per sq. in., re- 
spectively. 

For the structures having a deck with intermediate expansion 
joints the critical stress is at the extrados of section C3. The thrust 
lines and centers of pressure for these structures are shown in 
Fig. 47. The dead-load stresses at the sections corresponding to 
section C3, determined from the measured thrust, the line of action 
of which was located by the measured strain, are given in Table 48. 
The maximum and average values for the structure having a high 
deck are 782 lb. per sq. in. and 647 lb. per sq. in., respectively, and 
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the corresponding values for a structure having a low deck are 755 
lb. per sq. in. and 646 lb. per sq. in., respectively. 

The data presented in the preceding paragraphs have value only as 
interesting information pertaining to a limited number of individual 
structures, and cannot be made the basis of any general conclusions 
relative to the effect of variations in the material on the dead-load 
stresses in a multiple-span arch bridge. They do indicate, however, 
the possibility of the random occurrence of a dead-load stress at some 
section 100 to 150 lb. per sq. in. greater than the dead-load stress at 
the corresponding section in a similar single-span arch subjected to 
the same load; but it is not clear that this excess in the dead-load 
stress is due to variations in the properties of the concrete. An ex- 
tended study of this subject is suggested. The structures used in this 
study should consist of a rib without deck so as to be readily suscep- 
tible of algebraic analysis, and the modulus of elasticity of the con- 
crete should be assigned different values in various parts of the struc- 
ture. Algebraic analyses of these structures should establish the 
probable effect of the variations in modulus of elasticity of the con- 
crete on the dead-load stresses in a multiple-span arch series.* 


26. Effect of Intermediate Expansion Joints—The desirability of 
using intermediate expansion joints in the deck of an arch depends 
on whether movement will take place if they are provided, and also 
on the effect they will have on the strength of the structure. The 
tests indicate that the ratio of the horizontal movement at an expan- 
sion joint to the change in span is 0.23 and 0.11 for the high-deck and 
the low-deck structures, respectively. If expansion joints are not pro- 
vided the restraint of the deck will produce a deflection of the spandrel 
columns commensurate with the movement that would take place if* 
the joints were provided. The deflection diagrams of Figs. 52 and 54 
show that the structure without intermediate expansion joints is stiffer 
than the one with joints. 

The capacity tests of the structure without intermediate expan- 
sion joints were not carried to failure, and the relative strength of 
structures with and without expansion joints is not known definitely. 
Certain facts, however, that bear upon this question are quite clearly 
established: (1) For the structure without expansion joints, five live 
loads in addition to the dead load produced nothing more than hair- 
cracks in the rib, and there were no cracks in the spandrel columns or 
deck large enough to indicate that failure was impending. (2) The 


*For a similar study of a single-span arch rib see “T) dabilit = 
crete Arches,” Univ. of Ill. Eng. Expt. Sta. Bul. 203, 1930. sagen Pa McA 9 : 
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section where the deflection of the pier causes the greatest increase in 
the stress is near the center of the span where the strengthening effect 
of the deck is the greatest. (3) Although the thrust line for the struc- 
ture as a whole falls outside the rib over the center part of the center 
arch, as shown in Figs. 45 and 46, the strain diagrams show little, if 
any, tension at the section where failure of the rib is most likely to 
occur, indicating that the thrust taken by the rib does not go much, 
if any, outside the kern. All these facts are indicative of a consider- 
able strengthening effect from a deck without expansion joints at the 
weak sections of a three-span series of arches on high piers, and this 
strengthening effect is largely eliminated by the intermediate expan- 
sion joints. 

For the structure with a high deck, the temperature moment at 
the springing is 28 per cent greater without intermediate expansion 
joints than with them. For the structure with a low deck the differ- 
ence is nearly zero. For the structure without intermediate expansion 
joints the temperature moment on the middle of the structure is re- 
sisted by the rib and deck acting integrally. For a structure with in- 
termediate expansion joints, if the expansion joint is in the panel 
containing the intersection of the temperature thrust line and the 
axis of the arch, the temperature moment in the rib in the panel con- 
taining the expansion joint will be small. 


27. Unit Stress Due to Design Load—The unit stresses due to 
design load are compared for a number of structures in Table 49. The 
stresses in the structure having a rib without deck were determined 
by the elastic theory. The dead-load stresses in the three-span struc- 
tures having decks were determined from the measured thrust, the 
lines of action of which were obtained from the measured strain. The 
live-load stress for these structures was determined by the algebraic 
method based on experimental constants. The dead-load stresses for 
the single span with fixed ends were determined by the elastic theory, 
on the basis that the rib carried the dead load unrestrained by the 
deck. The dead load is shown in Fig. 8, and is the same for all struc- 
tures. The live load consists of a uniform moving load equivalent to 
a panel load of 960 Ib. with a single concentration of 1800 lb. to be 
superimposed on the distributed load. For each structure the live load 
is distributed so as to produce the maximum compression at the criti- 
cal section of that structure. The critical sections are listed in column 
3, Table 49, and the live load for maximum stress at that section is 
referred to by number in column 4. The live load corresponding to 
this number is given in Table 50. 
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TaBie 50. 


DistrRIBuTION oF Live Loap ror Maximum STRESS. 
Loads are in pounds. 


Section 
Live Load 

oO. 
Coal c2 C3 C4 C5 C6 C7 c8 
1 368 953 960 2 760 938 296 0 0 
2 00 939 960 2 760 919 240 0 0 
3 198 898 960 2 760 881 169 0 0 
4 960 960 2 760 647 18 0 0 0 
5 960 2 760 960 960 956 401 0 0 
6 960 2 760 960 960 880 169 0 0 
‘ 960 2 760 re 960 474 0 0 
952 960 2 760 960 10) 
9 960 960 2 760 959 433 0 
10 960 960 2 760 917 236 0 0 0 
11 960 960 2 760 968 152 0 0 
a 960 2 760 8 960 960 70: 34 0 
954 960 2 760 960 960 
14 960 960 2 760 960 713 0 
15 960 960 2 760 941 308 0 0 0 


For the structure with a high deck, and with intermediate ex- 
pansion joints, the compression at the extrados at section C3 is 1447, 
1393, and 1066 lb. per sq. in., respectively, for structures having pier 
heights of 20, 10, and 0 ft., respectively. A stress of 1447 lb. per sq. in. 
for the three-span series compared with one of 1066 lb. per sq. in. for 
a single span with fixed ends is of interest; but it should be noted that 
a considerable part of this difference occurs in the dead-load stress. 
These values are comparable with 1236, 1155, and 1089 lb. per sq. in. 
for similar structures having a rib without deck. In this case, also, the 
difference is in the dead-load stress. For the structure with a low deck 
the dead-load stresses are smaller and the live-load stresses greater 
than for the structure with a high deck, but the differences do not 
exceed possible experimental errors, and the two structures appear to 
have about the same load-carrying capacity. 

The stresses for the structure having a deck without intermediate 
expansion joints are for the section at the east springing, and are very 
low. Whether danger of failure for these structures is greater over the 
central part than at the east springing was not definitely determined, 
but there was nothing to indicate that it is. However, failure in the 
superstructure followed by failure of the rib is possible, and the stress 
at the springing is not a reliable indication of the likelihood of failure 
in the deck. Each of the structures having a deck without intermedi- 
ate expansion joints carried the design dead load plus five times the 
design live load, the live load being distributed for maximum moment 
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about the axis of the rib on a section through C4, and there was no 
indication that failure was impending in either the deck or the rib. 


28. Load-Carrying Capacity of Various Structures —The results of 
the capacity tests are very reassuring. All structures were tested at 
a pier height of 20 ft. Both structures having a deck without inter- 
mediate expansion joints carried five live loads in addition to the 
dead load without indication of impending failure, both when loaded 
for failure at the springing, and also for failure at section C4. Both 
structures having a deck with intermediate expansion joints carried a 
little more than six live loads in addition to the design dead load. 
This was true even though the computed stress due to the design load, 
given in Table 49, was higher than specifications usually allow. 

The compressive stress at failure for the three-span structure con- 
sisting of a rib without deck was approximately 3800 lb. per sq. in.,* 
comparable with the strength of the concrete in the control specimens 
of 3310 lb. per sq. in. The compressive stress at failure for the struc- 
ture having a high deck with intermediate expansion joints, based 
on measured reactions, was approximately 3200 lb. per sq. in., compa- 
rable with a strength of the concrete, as determined by control cylin- 
ders, of 3421 lb. per sq. in. The compressive stress at failure for the 
structure having a low deck was approximately 4000 Ib. per sq. in., 
comparable with a strength of the concrete, as determined by con- 
trol cylinders, of 4281 Ib. per sq. in. 


29. Relative Merits of High and Low Decks.—The stresses in the 
rib of the various structures due to the design load, given in Table 48, 
indicate that there is not much difference between the load-carrying 
capacities of the ribs of structures having high and low decks, re- 
spectively. The temperature moment at the springing, for structures~ 
having intermediate expansion joints, is about 64 per cent greater for 
the high deck than it is for the low deck. For structures without inter- 
mediate expansion joints the difference is about 31 per cent. 

The low deck is integral with the rib at the crown, and the proba- 
bility of a shear failure in the spandrel columns due to gravity loads 
is probably less than for a structure with the deck a considerable 
distance above the rib at the crown. The movement at the intermedi- 
ate expansion joints due to a change in span is very much less for 
the low deck than it is for the high deck, making the need for ex- 
pansion joints less for the former than for the latter structure. The 


*See Bulletin No. 269. 
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structures with low decks are much stiffer than the corresponding 
structures with high decks. 


IX. SuMMARY 


30. Summary—The experimental data presented in this bulletin 
apparently justify the following conclusions: 

(1) The influence ordinates for fixed-end reaction are quite differ- 
ent for a structure having a deck from those for one consisting of a 
rib without a deck. The effect of the deck is to reduce the moment at 
the springing due to load, where it is all resisted by the rib, and to 
increase the moment’ over the middle of the span where the deck acts 
with the rib. The effect of the deck is to increase the temperature 
moment at the springing. 

(2) The reactions at the springing can be determined by an alge- 
braic method, using experimentally-determined fixed-end reactions 
and elastic constants for the arch spans. The constants may be ob- 


tained from tests of single-span concrete structures or of celluloid 


models. A considerable variation in the elastic constants will not seri- 
ously affect the resulting stresses if the constants are statically con- 
sistent, but the fixed-end reactions must be determined accurately if 
the analysis is used to determine the dead-load stresses. 

(3) A deck without intermediate expansion joints increases the 
stiffness and the moment-resisting capacity of the central part of the 
structure. Intermediate expansion joints reduce both of these effects. 
The ratio of the movement at each expansion joint to a change in 
span is about 0.23 for the structure with a high deck, and 0.11 for 
that with a low deck. 

(4) For the structure with a high deck with intermediate expan- 
sion joints, the unit compression due to design load was 36 per cent 
greater for the three-span structure on 20-ft. piers than for a single 
span with fixed ends, as determined by the elastic theory. For the 
structure with a low deck with intermediate expansion joints the dif- 
ference was 21 per cent. A considerable part of this difference was 
due to the difference in the dead-load stress, a function which would 
not have been influenced by the flexure of the piers if the specimen 
had been a symmetrical structure of homogeneous material, sym- 
metrically loaded. 

(5) There is considerable evidence indicating that the dead-load 
stress in a multiple-span structure may exceed the corresponding 
stress in a similar single span having fixed ends. 

(6) The concrete in the arch developed approximately the same 
unit stress as the same concrete in the 6 by 12-in. control cylinders. 


